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Abstract 
  This Thesis aims to enhance the aerodynamic knowledge of the free-to-roll 
behaviour of low aspect-ratio wings by investigating newly found free-to-roll 
oscillations.  Efforts were initially made on free-to-roll non-slender delta wings and roll 
oscillations were found with a low Strouhal number, which will affect wings with this 
planform in flight manoeuvres.  It has also been shown that the non-zero roll trim angles 
are not due to the round leading-edge of the wing being tested as previously thought.  
Phase-averaged velocity measurements revealed the hysteresis effects during the self-
induced roll oscillations. 
 
  Oscillations were observed for a non-slender delta wing of sweep angle of 50
o
 
with fixed separation points and this phenomenon was seen for delta wings up to 60
o
 
sweep (i.e. slender) with less reattached flow.  Similar experiments done on cropped 
delta wings showed that the cropped portion reduces the non-zero roll trim angles, 
therefore the wing was stable.  Different oscillations were found and investigated in a 
second region at higher angles of attack for delta wings of 57.5
o
 and 60
o
 sweep angle.  
Work was then performed on pitching free-to-roll delta wings, which were pitched up or 
down at a constant rate.   
 
  Low aspect-ratio (AR ≤ 4) rectangular wings showed that oscillations and even 
autorotation existed at high angles of attack.  It is suggested that the tip vortices are 
responsible for the oscillations.  At low angles of attack, the separation bubble was 
asymmetric for the round leading-edge, which explains the non-zero roll trim angle for 
the free-to-roll wing.  This separation bubble spread across the extent of the wingspan 
with increasing angle of attack and the oscillations were seen to begin once the 
separation bubble had left the trailing-edge and the side-edge vortices had increased in 
strength sufficiently.  The vortices are seen to be well separated, and thus the effect of 
the side-edge vortices on one another is expected to be negligible, unlike for delta wing 
rock.   Finally, other planforms were tested including a Zimmerman and an elliptical 
wing.  Oscillations were found too, though smaller in magnitude.   
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!omenclature 
a   =  Acceleration, ms
-2 
A   =  Wing surface area, m
2 
AR =  Aspect ratio  
b    =  Wing span, m 
c    =  Wing chord, m 
CD =  Drag force coefficient 
CL =  Lift force coefficient 
CLφ =  Lift force coefficient dependant on roll angle  
f  =     Frequency, Hz  
F   =  Force, N 
Ixx
   
=  Moment of inertia about the x-axis, kgm
2
 
k   =   Reduced frequency, ωc / U∞ 
L    =  Length, m 
M   =  Mass, kg 
n     =  Number of dimensionless groups 
q     =  Free stream dynamic pressure, ½ ρU∞
2 
Re   =  Reynolds number, U∞c / ν 
s      =  Semi-span, m 
St    =  Strouhal number, fc / U∞ 
S     =  Time, s 
∆t   =   Time interval, s 
t      =   Thickness, m 
T     =   Torque, Nm 
U    =  Velocity perpendicular to wing surface, ms
-1 
U∞   =  Wind tunnel free-stream velocity, ms
-1 
V     =  Velocity normal to wing surface, ms
-1 
x     =  Chordwise distance, m 
xbd   =  Chordwise distance for vortex breakdown, m 
y     =  Spanwise distance, m 
z     =  Distance from the wing surface in a plane normal to free-stream, m 
α     =  Angle of attack, 
o 
αeff   =  Effective angle of attack, 
o
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β     =  Sideslip angle, 
o
 
µ     =  Dynamic viscosity, 1.69 x 10
-6
 kgm
-1
s
-1
 (air at sea level) 
ν     =   Kinematic viscosity, 1.51 x 10
-5 
m
2
s
-1
 (air at sea level)  
Λ     =  Wing sweep angle, 
o 
Λeff     = Wing effective sweep angle, 
o
 
Γ       = Circulation, m
2
s
-1 
Φ      = Wing roll angle, 
o 
Φmin  =  Minimum roll angle, 
o
  
Φmean
 
= Mean roll angle, 
o 
Φmax  = Maximum roll angle, 
o 
ξB      = Distance down wing for vortex breakdown  
ω      = Vorticity, dU / dt, s
-1 
ρ       = Air density, kgm
-3 
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Chapter 1  Introduction and Literature Review 
 Interest in Unmanned Air Vehicles (UAVs) and Micro Air Vehicles (MAVs) has 
increased in recent years.  A review of the aerodynamics of small vehicles flying at low 
speeds is given by Mueller and DeLaurier
1
.  For fixed-wing aircraft, the effects of 
transition, separation bubble and aspect ratio (AR) have been discussed in detail
2,3,4
.  
However, for delta, elliptical, Zimmerman, cropped and even rectangular wings (with 
low aspect ratio below 2.0) an unusual phenomenon occurs at certain combinations of 
Reynolds number (Re), angle of attack (α) and wing geometry, where the wings perform 
self-induced roll oscillations, including some not completely understood
5,6
.  These roll 
oscillations may be encountered during a manoeuvre or by a sudden gust of wind, hence 
it is important to understand what causes them and how to control them, otherwise 
limitations are placed upon the flight envelope of small aircraft.  This is the first time 
these oscillations have been seen. 
 Journal articles and conference papers have been published from the work to be 
presented and are referenced and attached in Appendices A and B. 
 
1.1 Aerodynamics of slender delta wings 
Delta wings were developed for their ability to fly supersonically and 
subsonically and because of their resilience to high angles of attack.  This is due to the 
mechanism of lift generation, which incorporates two counter rotating vortices with low 
pressure centres over the suction surface due to the shear-layers rolling up.  Figure 1.1 
shows a slender delta wing with a typical flow field
7
.  This incorporates two large 
primary vortices
8
, where the flow separates and two smaller vortices, where the flow 
between the primary vortex and wing surface separates itself due to an adverse pressure 
gradient in a cross-flow plane.  This secondary vortex pulls the primary vortex back 
towards the wing surface.  Any air which is not sucked into the vortices, particularly for 
less slender versions, forms an inboard chordwise flow as shown in the diagram.  This 
flows over the vortices and reattaches to the wing surface and has corresponding 
reattachment lines.  Continuous feeding of the vorticity from the shear layer separating 
along the leading-edge preserves the vortical structures on the wing, which is caused by 
the wing’s leading-edge.   
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Figure 1.2 presents the lift coefficients for various sweep angled delta wings
9
.  It 
can be observed that with increased sweep angle there is a later stalling point (the angle 
of attack with maximum lift).  This is due to larger vortices being formed and the 
subsequent lower pressures on the wing surface.  It is also visible that lower sweep 
angled delta wings exhibit lower maximum values of CL
 
due to these planform shapes 
not relying on the vortices to generate the lift to such a degree (the vortices generate 
about 50 % of the lift for a 50
o
 sweep delta wing).   
 
  Vortex breakdown can be classed as either of bubble or spiral type for slender 
delta wings and can change between the two randomly
10
.  It plays a damping role for 
wings in roll motion.  Figure 1.3 shows how the position of vortex breakdown varies in 
relation to the angle of attack for different sweep angled delta wings
11
.  This shows that 
the breakdown location of leading-edge vortices moves towards the apex as sweep angle 
is decreased for a given angle of attack.  With increased sweep angle, a larger angle of 
attack is required to see vortex breakdown on the wing surface, whereas for a sweep 
angle of 55
o
 or below it is always present.  Less sweep is effectively making the wing 
more rectangular in planform shape, so the vortices play less of a role.  For this reason, a 
sweep angle of 55
o 
is normally taken as the difference between slender and non-slender 
delta wings, and whether reattached flow is present at the centre of the wing surface.  
Previous work
12
 has shown that the normal and parallel velocity components are 
significantly higher for a slender delta wing of 70
o
 sweep angle than for non-slender 
delta wings.  At very high angles of attack, slender wings undergo vortex shedding, but 
this is outside the envelope at which wing rock has been observed to occur.  
 
1.2 Aerodynamics of non-slender delta wings 
This investigation was inspired by the behaviour of low sweep delta wings, such 
as the a) Boeing X-45C
13
 and b) AeroVironment Wasp
14
 shown in Fig. 1.4, the Avro 
Vulcan, a cold war bomber and more modern fighter aircraft such as the Sukhoi Su-32 
and the McDonnell Douglas F-4 Phantom (which incorporates a delta section).  In these 
cases, non-slender delta wings operating at low/transitional Reynolds numbers are of 
importance.  These and similar other planforms have been developed for UAVs and 
MAVs, and are used for their practical shape and good flight responses at high angle of 
attack.  Whereas a rectangular wing of this size would stall at a low angle of attack, such 
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as that exhibited by a gust of wind, a delta wing is much more resilient to a large range 
of angles of attack.  
 
The actual flow physics over a non-slender (50
o
 sweep) delta wing with a sharp 
leading-edge at an angle of attack of only 2.5
o15
 is shown in Fig. 1.5.  This is a flow 
visualisation and the reattachment line of the vortex can clearly be seen.  The wing has a 
sharp leading-edge thus fixed separation point, so a vortex of some magnitude would be 
expected.  If the angle of attack is increased further, such as 17.5
o15
 as shown in Fig. 1.6, 
the vortices can be seen to become larger.  This Figure shows the difference between a 
a) sharp and b) round leading-edge.  With round leading-edge reattachment can be seen 
to be further inboard.   
 
 The effects of leading-edge shape and hence separation, have been previously 
investigated at the University of Bath
15
 (Fig. 1.7).  It was found that a delta wing with 
sharp leading edges stalled at lower α than round, 2:1 elliptical or 4:1 elliptical versions 
and that the difference was about 5
o
.  This is more significant than expected due to all 
the wings being exactly the same, bar the leading-edges.  The reattachment line was also 
seen to be further inboard for the sharp leading-edged delta wing, and furthest outboard 
for the 2:1 elliptical version of the leading-edges.  Because the flow over a delta wing 
incorporates separation, leading-edges are important for the flow physics, though this 
does depend on the size of the leading-edge in relation to the span.  For furthest outboard 
reattachment, a compromise must be struck between a sharp leading-edge (fixed 
separation points) and a very gradual curvature incorporating a sharper version of the 
round leading-edge (4:1 elliptical).  This is why the 2:1 elliptical leading-edge causes the 
separation point to be furthest outboard, and the reattachment furthest inboard.   
 
Figure 1.8 shows a characteristic dual vortex flow structure over a non-slender 
(50
o 
sweep) delta wing.  This is shown in experimental format
16
 in Fig. 1.8a), a 
computation of which
17
 is in Fig. 1.8b) and is present up to α ~ 15
o
 for a wing with Λ = 
50
o
.  Where the secondary flow separates from the surface, the primary vortex is split 
into two same sign vortices.  In Fig. 1.8a), at a relatively low angle of attack (α = 5
o
), the 
primary vortex is formed very close to the wing surface.  This means there is interaction 
between the vortex formed by the leading-edge and the shear layer close to the wing 
surface, formed by attached flow.  This creates the structure, which is shown in Fig. 
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1.8b) in a computational form at a slightly higher angle of attack of 7.5
o
.  Reynolds 
number effect is large at low angles of attack because of the presence of this vortical 
structure.  Flow structures over a 50
o
 sweep delta wing have been investigated and it has 
been seen that even at a high angle of attack, α = 20
o
, even though vortex breakdown is 
at the apex of the wing there is still attached flow.  Figure 1.9a) shows that vortex 
breakdown is at the apex of the wing
16
 and that reattached flow is visible from the 
streamlines in Fig. 1.9b).  This is another non-slender delta wing characteristic, as for 
slender delta wings breakdown at the apex means wing stall
18
.  In this case, because the 
vortices do not generate all the lift, breakdown does not mean stall.  For slender delta 
wings, vortex breakdown means no reattachment, thus any instability associated with 
reattaching flow is non-existent.   
 
 A unique feature of non-slender delta wings
19
 is that primary attachment occurs 
outboard of the symmetry plane, even when vortex breakdown is near the apex.  Vortex 
breakdown for non-slender wings is much less abrupt than for slender wings and it was 
noted
8
 that vortex breakdown of non-slender delta wings differs from that of slender 
wings.  This attachment moves inboard in a spanwise view with increasing angle of 
attack until there is no more reattachment and the wing is stalled.  It has been shown that 
Reynolds number has a large influence on the stall angle of non-slender delta wings
12
, 
not observed with slender delta wings.  Work done on a wing with Λ = 55
o
 and sharp 
leading-edges showed that stall occurred earlier as the Reynolds number was 
increased
20
.   
 
1.3 Slender delta wing rock 
 Most of the knowledge on unsteady aerodynamics of wings in roll motion is on 
slender delta wings
1,21
.  This phenomenon is well understood and has been observed for 
sweep angles Λ ≥ 75
o
.  Moment of inertia does have an effect on the frequency of 
oscillation.  One suggestion to the commencement of wing rock is that it is initiated by 
vortex interaction, which results in asymmetries in vortex strength
22
.   
 
 Arena and Nelson
23
 suggest that to sustain the wing rock motion a time-lag in the 
position of the vortices normal to the wing surface is necessary
23
.  Figure 1.10 shows 
that during wing rock, the vortices occupy the same position horizontally, but differ in 
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vertical positions (which alters lift on the corresponding wing half).  The proposed 
mechanism for slender wing rock is that of an aerodynamic spring.  Static and dynamic 
vortex trajectories over the wing differ and a time lag is present, which accounts for the 
hysteresis seen with this phenomenon.  As Λ is increased, the onset angle of attack for 
wing rock decreases and this highlights the possible relation between the onset of wing 
rock and the proximity of leading-edge vortices.  It was found that vortex lift-off, vortex 
breakdown and static hysteresis play no part in wing rock.  Critical states exist and 
vortex breakdown location is important
24,25,26,27
.  A delay in the response of the wing to 
the vortex movement is to blame for this.  At high angles of attack, an 85
o
 sweep delta 
has been seen to move randomly between full stall and having one compact vortex and 
one stalled wing half
28
.  Wing rock starts at the angle of attack at which roll damping of 
the wing is lost and it has been proven that the location of vortex breakdown moves aft 
with increasing sweep angle.  Work done on a 76
o
 sweep angle delta wing
29
 showed how 
the turbulent kinetic energy changed and how velocity fluctuations led to certain 
dominant frequencies for oscillations of the breakdown location.  Some characteristics 
of wing rock are
27
: 
 
• It oscillates about zero mean roll angle; 
• Once initiated, it exhibits a constant amplitude; 
• Strouhal number increases with increasing angle of attack; 
• A highly swept wing is necessary, oscillations were not observed for a 76o sweep 
wing, but were for an 80
o
 wing; 
• Wing rock occurs over a large number of angles of attack.  For an 80o sweep 
wing, oscillations occur for 20 < α < 50
o
; 
• Increasing the Reynolds number leads to a larger amplitude of wing rock, but at 
the same frequency; 
• Vortex breakdown has a damping effect; 
• An oscillating wing still generates lift. 
 
It is worth noting that for a 60
o
 wing with a forebody, limit-cycle oscillations 
have been seen
30
 at α = 30
o
 and were initially explained by the presence of the forebody 
vortices passing over the wing (the 60
o
 planform itself did not exhibit the oscillations).  
Work has also been performed on investigating the effect of the fuselage on delta wing 
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vortex breakdown
31
.  Subsequently a different explanation was offered
32
 for this 
aforementioned 60
o
 sweep wing suggesting the cause was undamping generated by the 
leeward wing half.  In a separate paper
33
, it was suggested that the sharp leading-edged 
wing does not undergo oscillations because the leeward surface generates a dead-air 
flow that has little effect on roll damping, whilst the windward side generates sufficient 
roll damping to prevent wing rock from developing.  Non-zero roll attractors have been 
found for a 60
o
 wing and a 65
o
 wing both with sharp leading-edge and at α = 2.5
o34
.   
 
It was shown
24
 that a delta wing configuration with 65
o 
sweep angle had multiple 
stable trim points in roll.  The phase plane (roll rate versus roll angle) trajectories, 
corresponding to two free-to-roll time histories for the 65
o
 wing at α = 30°, showed very 
different behaviour.  For the initial roll angle φ = -58.3°, the trajectory found a stable 
equilibrium point at zero roll angle, while for φ = 53.1°, the final equilibrium position 
was around φ = 21°.  The existence of equilibrium positions at non-zero roll angles was 
also confirmed at other angles of attack.  The measured static rolling moment was 
around zero at non-zero roll trim angles and asymmetric vortex breakdown is behind this 
behaviour.  On the same note, work performed on a 65
o
 sweep flat plate delta wing
35
 at a 
fixed angle of attack of 30
o
 showed that vortex breakdown was always present on the 
wing surface.  There is movement of the vortices at sideslip angles, which is relevant to 
this work because as the delta wing rolls it undergoes sideslip.  Small amplitude 
oscillations were also seen at α = 35
o 
for the 60
o
 planform itself, but the oscillations at 
the lower angle of attack were not present.  To explain the non-zero trim angles, it was 
postulated
36
 that they were due to changing effective angles as the wing rolled according 
to equations (1), (2) and (3) and subsequent effects on wing damping: 
 
αeff = tan
-1
(tan α cos Φ)        (1) 
Λeff = tan Λ ± tan
-1
(tan α sin Φ)                 (2)
       βeff = sin
-1
(sinα sinΦ)        (3)  
 
A reason for the oscillations of the 60
o 
wing with forebody was put forward
24
.  
At roll angles above around 15
o
 it was found that the strength of both vortices dropped 
until after the wing rolling motion had finished because of a reduction in effective angle 
of attack.  This played a larger part than the changing effective sweep at these high roll 
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angles.  The changing effective angles are caused when the delta wing rolls about a fixed 
roll axis.  The static rolling moment coefficient had a larger restoring rolling moment 
than the dynamic moment coefficient because of the lag in position and strength of the 
upper leading-edge vortex.   
   
Asymmetry in the strength of the vortices due to a time lag appears to drive the 
rolling motion.  Looking at the pitching of a 70
o
 sweep delta wing
37
 at similar Reynolds 
numbers to be tested, 90,000 to 350,000 and reduced frequencies of between k = 0.05 to 
0.30, delays in vortex breakdown were obtained.  The pitching was in a sinusoidal 
motion, and the motion was seen to be more dependent on pitching frequency rather than 
reduced frequency.  Reduced frequency was seen, however, to cause a hysteresis in 
breakdown location, becoming greater as the reduced frequency was increased.  Larger 
delays were seen on the downstroke of the pitching motion to vortex breakdown, where 
the angle of attack was decreasing.  Shifts were also seen in the breakdown location to 
be greatest at lower angles of attack.  For another pitching slender delta wing, it has been 
found
38
 that there is a time lag between the increase or decrease in α and vortex 
breakdown, and that this is not dependant on Re.  It was also found that the time lag was 
longer for lower sweep angles.  These create a hysteresis loop, which is larger for higher 
frequencies of pitching oscillation, seen in both the publications referenced. 
 
Experimental and numerical work has been carried out investigating the wing 
rock phenomenon
39
.  Differing Reynolds numbers were presented and experimental 
comparisons performed, after which a single degree-of-freedom mode was offered.  To 
clarify the wing rock phenomenon, low Reynolds number computational simulations 
were performed
40
 on an 80
o
 sweep delta wing undergoing a constant roll rate 
manoeuvre.  This showed that as the wing rolled, the vortex created by the downward 
leading-edge moved inboard and towards the surface, while the vortex created by the 
upward leading-edge did the opposite.  A lag in the body-normal position of the upper 
leading–edge vortex was observed, even though the cycle took around 6 s.   
    
The use of actuators of some variety on the leading-edges of the wings may 
provide a means of controlling the oscillating wing.  Work done on introducing 
turbulence into the shear layer of a flow over a backward-facing step
41
 using 
piezoelectric actuators made the laminar or turbulent shear layer reattach earlier, though 
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not as effectively during transition.  This may be relevant as it is suspected that 
reattachment may play a part in the oscillations, hence promoting reattachment may 
stabilise the wing.  Other efforts were made using piezoelectric actuators in a slot along 
sharp leading-edges
42
, which was found to increase the normal force, most effectively 
when the reduced frequency of oscillation of the actuators was around 1.  The work was 
performed on a 60
o
 sweep angle half delta wing.  It was also found that utilising the 
actuators downstream of vortex breakdown generated a streamwise vortex.   
 
1.4 Self-induced roll oscillations of non-slender delta wings 
The specifics of each type of delta wing roll oscillation, slender and non-slender, 
differ significantly.  There are several reasons for the use of non-slender delta wings: 
 
• Having a long root chord means that for general delta wings, wing thickness can 
be large.  Thus, even with small thickness ratio (good from the point of view of 
structural efficiency), a large internal volume is available for the stowage of fuel, 
undercarriage, ancillaries and possibly the main engines; 
• Delta wings have superior manoeuvrability and stability characteristics, 
operating safely at much larger angles of attack than could possibly be achieved 
by a conventional wing due to the different mechanism of generating lift at high 
angles of attack; 
• Supersonic drag reduction applies to all delta wings due to their swept nature, 
though this is not relevant in this case as the project is concerned with low 
Reynolds numbers for UAVs and MAVs; 
• Non-slender delta wings have more practical planforms than slender delta wings. 
 
Certain aspects of slender wing rock will probably affect non-slender wing rock 
too.  Modelling work
43,44
 suggests that the angular acceleration (and subsequent 
parameters) depends on the: 
 
• Density of air; 
• Free-stream velocity; 
• Surface area of the wing; 
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• Span of the wing; 
• Wing chord; 
• Moment of inertia of the wing about the roll axis; 
• Bearing friction (very important in experimental studies); 
• Angle of attack. 
  
Limited amount of work on free-to-roll non-slender delta wings
19,45,46 
showed 
that self-induced roll oscillations are possible but about a non-zero mean roll angle.  
Similarities to and differences from slender wing rock have been speculated
47
.  If one 
looks at the position of vortex breakdown against roll angle for a non-slender delta wing, 
it shows some interesting traits.  For non-slender delta wings the vortex breakdown is 
simply defined as a severe disruption of the core of the vortex and reversed mean axial 
flow is not always observed as it is for slender delta wings.  In Fig. 1.11 it can be seen 
that at roll angles of +/- 30
o18
, the reattachment of the vortices is as expected as if the 
wing is stationary during the roll oscillations at an angle of attack of 20
o
.  However, 
upon increasing or reducing the roll angle a delay can be seen near a roll angle of 0
o
, 
which shows an interesting delay of some sort upon forced movement of the wing in this 
case.  It is thought that the flow structures as the wing rolls in either direction may differ 
because of two different roll rates being possible at the same roll angle.  Both clockwise 
and anti-clockwise vortices do not meet at the roll angle of 0
o
, thus there is a rolling 
force of some variety there due to this delay.  This causes roll oscillations, which were 
found for a 45
o
 sweep wing with round leading-edge
48,49
 but no oscillations were 
observed for a sharp leading-edged wing of the same sweep angle.  A typical roll angle 
versus time plot of a round leading-edged wing undergoing self-excited roll 
oscillations
50
 is shown in Fig. 1.12, which also shows an interesting non-zero mean roll 
angle.  It was thought that the reason for these oscillations was asymmetry of the 
leading-edge vortices and changing effective angles
47
.   
 
 Figure 1.13 shows the impact of leading-edge sweep angle and subsequent roll 
damping on slender delta wings
33
.  They exhibit a positive value of CL, which is in 
essence a force trying to make the wing rotate about its axis in a rolling motion.  This 
comes into play when considering the effective angles of an oscillating non-slender delta 
wing.  Here, the left-hand side vortex is seen to be compact at the larger roll angle, while 
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vortex breakdown is expected to be at the apex for the right-hand wing half; these 
factors are known to provide a stable trim point
36
.  However, for the unstable case, two 
separated shear layers are evident.  There seems to be reattached flow between the two 
vortical structures, which normally has a damping effect, hence it is thought that
19,45
 the 
reattaching shear layers must be inherently unstable.  The rolling moment coefficient has 
been investigated experimentally too (from static tests) and interestingly shows some 
stable point attractors, or not, depending on the angle of attack.  It is suggested that the 
wing should settle at a particular point, depending on initial conditions and the effective 
angle relative to the roll angle of the wing.   
 
It has been suggested
48
 that the changing of amplitude in the free-to-roll 
oscillations is due to unsteady effects caused by the breakdown of the leeward vortex 
that forms as the wing rolls.  If the roll oscillations are plotted as roll rate against roll 
angle, as in Fig. 1.14, an oval
6
 is formed; with the differing amplitude of the roll 
oscillations visible from the fact the radius is not constant.  It was suggested
51
 that sharp 
edged wings do not exhibit roll oscillations.  In the round leading-edge case, one wing 
half behaves like a stalled wing (due to the low effective sweep angle caused by rolling 
wing on one half) and hence creates dynamic undamping, whereas in the sharp leading-
edged case this does not occur.  It states that rounded leading-edged wings will exhibit 
roll oscillation if a) the angle of attack is high enough and b) the wing trims at a large 
roll angle that is non-zero.   
 
Figure 1.15 offers a possible explanation
33
 of the observed oscillations, showing 
that during the upstroke of the windward wing half, the flow attaches further around the 
leading-edge, producing a positive normal force.  The undamping-in-plunge of the round 
leading-edge described
33,51
 seems to accentuate the oscillations of the wing, but there 
appears to be a different reason for the root cause of the oscillations.  The oscillations 
are observed around the stall angle where the reattachment of asymmetric flows is the 
most important factor; this is thought to have an effect
6
.  On the down stroke however, 
the moving wall effect (flow moving into or away from wing surface) promotes flow 
separation, generating undamping-in-plunge.  However, the aforementioned sharp-edged 
50
o
 sweep wing
45
 using a free-to-roll device does not have a round leading-edge nor do 
the effective angles suggest the wing should oscillate (the wing is expected to be 
damped at the angle of attack).   
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Ericsson
33
 postulated that the non-zero trim angles found for a 45
o
 sweep delta 
wing
50
 were due to changing effective angles as the wing rolled, according to equations 
(1), (2) and (3) and subsequent effects on wing damping.  Slight increases of Strouhal 
number were seen with increasing angle of attack, as has previously been observed for 
slender wing rock
34
.  The mean roll angles of the 60
o
 and 65
o
 sweep wings at α = 30
o
 in 
this case were both 18
o
, while other work
24,30
 has found slightly larger trim angles at the 
same angle of attack, with Φmean = 21
o
 for both sweep angles.   
 
Flow visualisation at a Reynolds number an order of magnitude less than that at 
which roll oscillations were observed and only on a static wing with square leading-
edges has been performed
50
.  It showed that at a certain roll angle, the leading-edge 
vortex on the leeward half of the wing breaks down above the wing surface
48
.  Phase 
lags were also observed for the oscillating wing, which show that hysteresis plays a part 
in the oscillations.  As the roll angle is increased, the breakdown bubble moves towards 
the trailing-edge of the wing.  The breakdown bubble is unsteady and moves back and 
forth, even when the roll angle is fixed.  This will cause differing amounts of lift on the 
leeward wing half, while the windward wing half remains in a state of global flow 
separation, which could explain the differing amplitude of roll angle during the 
oscillations.  At low Reynolds number, laser fluorescence flow visualisation has been 
done on the trim roll angles achieved during the free-to-roll motion (wing fixed in this 
case) at various angles of attack.  This is shown
45
 in Fig. 1.16.  From these images it can 
be seen that the windward vortex (right-hand side in this case) is of a constant size at 
these changing angles of attack, thus of similar strength.  The leeward vortex is of vastly 
different size, thus at an angle of attack of 20
o
 the reattachment points of both vortices 
are very close to one another and may possibly interact.  With a slight increase in angle 
of attack, oscillations would be expected at a higher Reynolds number, maybe caused by 
interactions between shear layers.   
 
Videos were taken of a rolling, tufted thick wing with frames captured around 
the maximum and minimum roll angle and also around the average at α = 28
o15
, as 
shown in Fig. 1.17.  These show that during the motion, the lower wing half is always 
stalled (reversed flow is visible); but that a coherent, leading-edge vortex together with 
attached flow is present on the upper wing half.  It is difficult to discern the whereabouts 
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of the separation point on the wing from the tuft data, as they lack sufficient resolution.  
It also appears that near the minimum roll angle (right-hand picture) the upper leading-
edge vortex is larger, though this is difficult to quantify.  Free-to-roll oscillations were 
found for both a thick wing with a round leading-edge, and also a thin wing with a sharp 
leading-edge, although at lower amplitude and higher frequency; both wings had Λ = 
50
o46
.  The roll oscillations that were found at the University of Bath for a 50
o
 sweep 
wing with sharp leading-edges demonstrate that a different mechanism to what has been 
proposed before is causing the motion.  According to the effective angles and because of 
the sharp leading-edge, the motion for the 50
o
 wing with sharp leading-edge would be 
expected to always be damped.   
 
Figure 1.18 shows that at α = 20
o
, small amplitude forced roll movements (∆ф = 
5
o
) leads to the leading-edge vortices reattaching
18
.  The movement of vortex breakdown 
location for a wing rolling with reduced frequency of 0.015 can be seen, which 
corresponds to the dominant frequencies of the shear layer
52
.  Some hysteresis is visible 
from this plot, and this was found to increase with increasing frequency.  It was found 
that for increasing roll angles, the vortex associated with the upward-moving leading-
edge was stronger than for decreasing roll angles, which results in vortex breakdown 
being closer to the apex for increasing roll angles, as seen in this Figure.  A rolling, rigid 
delta wing
53,54,55
 at high angles of attack has been looked at with the wing oscillating and 
found that for an optimum range of frequencies, leading-edge vortices could be re-
formed.  This is contrary to what is expected because with an oscillating wing, the 
vortices become stronger due to the leading-edge motion.  This usually causes premature 
rather than delayed breakdown, thus it is thought that the streamwise pressure gradient 
may be modified favourably due to the wing motion.  A small lag was also noticed for 
this oscillating wing, though this reduced frequency is significantly higher than those 
previously seen and to be discussed for free-to-roll oscillations of non-slender delta 
wings.  Re-formation of leading-edge vortices were observed for increasing periodic 
pitching oscillations of 1
o
 amplitude at angles of attack where the wing would usually be 
stalled.  
 
Work has been performed on flow control of leading-edge vortices
20
.  Re-
formation of the leading-edge vortices was achieved with sufficient amplitude of forcing 
at the optimum frequency.  This forcing has been seen to greatly increase the potential of 
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the wing to generate lift after stall
56
, and has been found to be more effective for non-
slender delta wings, where the reattachment of the leading-edge vortices plays a large 
part in their lift.  Leading-edge blowing has been used as a tool to control non-slender 
delta wings, and the flow of debris over a wing surface has been investigated in a 3D 
mode
57
, with the movement of the centre of pressure investigated.  Oscillatory blowing 
at the leading-edge of a non-slender delta wing with a 50
o
 sweep angle was looked at 
and it was found that with an optimum momentum coefficient, the flow could be re-
attained for a stalled wing surface.  This is despite angles of attack above the stall angle.  
Tangential leading-edge blowing has been used in an attempt to control slender wing 
rock
58
.  A particular problem encountered with this however, is the sensitivity of rocking 
wings to any disturbance torque.  It was found that symmetric blowing alone damped 
wing rock
59
, and that a control algorithm employing asymmetric blowing damped the 
wing rock even more effectively.   
 
Efforts have been made to alter the flow physics.  Work has been done on 
flexible delta wings
53,54,55,60,61
 and oscillating rigid delta wings.  This caused 
reattachment of the shear layer in the post-stall region due to the excitation of the shear 
layer, which energises the vortices shed and promotes reattachment.  It is recalled that 
reattachment on the wing surface is typical for non-slender delta wings
62
.  It was also 
found that there was an optimum range of forcing frequency corresponding to the natural 
frequency of the shear layer, which caused a maximum delay in vortex breakdown.   
 
To summarise, the unsteady aerodynamics of delta wings in roll motion is 
important for various applications including high speed civil transportation, spacecraft 
and fighter aircraft.  Whilst the lift/drag and stall characteristics may not be as good for 
non-slender delta wings as for slender delta wings as shown in Fig. 1.2, they still exhibit 
desirable manoeuvrability compared to conventional wing planforms (such as 
rectangular).  However, it is also known for non-slender delta wings to undergo self-
excited roll oscillations, with a non-zero mean roll angle.  Although this is similar to the 
observations for a slender delta wing
28
 with sweep angle Λ = 65
o
, the flow physics 
appear to be different.  Previous work
19,27
 also confirmed that, even when there are no 
roll oscillations, free-to-roll non-slender delta wings may have trim positions at non-zero 
roll angles.  In other words, zero roll angle is not free from roll disturbances.   
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1.5 Other planform shapes and flow characteristics 
Free-to-roll oscillations are not necessarily limited to delta wings.  Work done on 
low-aspect ratio rectangular wings found that the side edge vortices were sufficient to 
produce wing rock with similar characteristics to slender delta wing rock, provided that 
the aspect ratio was less than 0.5
2,4,63
.  Rectangular wings of relatively low aspect ratio 
have a very three-dimensional flow structure due to the effect of the tip vortices, and 
significant variations in the bubbles due to the tip vortices have been noted previously
64
.  
These oscillations were seen to develop into autorotation for aspect ratio AR = 0.25 in 
the work of Levin and Katz
63
, believed to be caused by lateral instabilities and driven by 
dynamic vortex interaction and associated lag effects caused by the motion of both the 
wing and leading-edge vortices.  For low aspect ratio rectangular wings, the Strouhal 
number was seen to either go up or stay the same with increased angle of attack.   
 
Figure 1.19 demonstrates the flow over a low aspect ratio rectangular wing, 
showing the three-dimensionality and the three vortices which drive the motion
63
.   
Other authors
65
 noticed that the movement of the leading-edge vortex seemed to play a 
large part in the causes of how low aspect-ratio rectangular wings (AR < 0.55), but did 
not find anything for higher aspect rations.  The movement of the vortices, as shown in 
Fig. 1.20, was thought to cause the oscillations
65
.  No free-to-roll experiments on wings 
with larger aspect ratios have been reported in the literature.  Tuft visualisation was used 
as a first tool to determine the role of the side-edge vortices and the location of the 
leading-edge separation bubble.  This type of separation bubble is usually referred to as 
a long bubble because of it increases in length with angle of attack.  
 
From a computational point of view, a model has been created for the flow 
structure of a low aspect-ratio wing
66
 by solving the unsteady Navier-Stokes equation.  
The tip (or side edge) vortices were found to drive the motion and asymmetry was found 
for the formation of vortices on a normal aerofoil.  Though the proposed basic 
mechanism of oscillations was the same, Williams and Nelson
67
 suggested that the loss 
of the leading-edge vortex caused a shift from negative to positive damping, thus 
creating a dynamically unstable roll system, and also suggested that the leading-edge 
vortex played a significant role in the motion of the side-edge vortices perpendicular to 
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the wing surface.  It was suggested that these limit-cycle roll oscillations are unique to 
slender delta wings and rectangular wings for which the vortices are relatively close to 
one another and generate a significant portion of the lift.  For a different planform, work 
was performed on a simulation of the free-to-roll oscillations of a cropped slender delta 
wing
68
, and it was found that the reason for the oscillations was the primary bending 
mode, due to the supersonic velocities being used.  Unfortunately, work on cropped non-
slender delta wings appears limited.  Tests were performed on the characteristics of 
Zimmerman
69
 (a common MAV planform), though not from a free-to-roll perspective.   
 
  Flow separation has been looked at in detail
70
 and flow patterns in terms of 
streamlines have been investigated.  Researchers agree that the existence of a particular 
skin-friction line on where the lines converge is a necessary condition for flow 
separation.  It is also stated that local flow does not affect potential flow, whereas global 
flow does.  Whether one can ignore delays, an aircraft is susceptible to wing rock 
because of the proportionality between chord length and the rolling moment or whether 
vortex breakdown is a necessity are all debatable.  Looking at the flow structures 
themselves, descriptions of the three-dimensional versions including water tunnel 
visualisation has been performed
71
.  It was found that Reynolds number was less 
important for fixed separation and that saddle points, foci and flow separation play 
central roles in the structure of 3D flows.  Separation lines form a separation surface in 
3D, which leads to vortices formed by them rolling up.  The saddle points can relate to 
either separation or reattachment lines, or foci involving swirling flow structures.  Work 
was also done on the formation of a leading-edge vortex and these vortices are thought 
to be the driving mechanism behind roll oscillations. In near-surface streamlines, foci 
are an outcome of three-dimensional separation caused by the interaction between the 
side-edge vortices and stalled flow within the separation bubble.  Initial work was 
performed on testing other wing planforms including rectangular, elliptical, Zimmerman 
and lambda planform shapes
72
. 
 
An idea that has been tested successfully for roll control
73
 is the use of Single 
Dielectric Barrier Discharge (plasma) actuators placed below the leading-edge of a Λ = 
47
o
 1303 UAV model.  The actuators were only effective at α > 10
o
, where it was found 
that they augmented lift, and that the effectiveness reduced as the frequency of pulsing 
was reduced from 3.3 Hz to 1 Hz.  This model has a centrebody, which means the flow 
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over the wing is highly 3D, but the tests were performed at a similar Re to those 
achievable in the University of Bath wind tunnel.  The actuator ionises the air around the 
leading-edge between two copper plates, and thus creates a force attracting the air to the 
wing and delaying separation, which could attenuate the roll oscillations due to charge 
on the wing itself. 
 
1.6 Gaps identified 
 Slender wing rock is well understood and the primary research objectives 
remaining are in ways of counteracting it.  Non-slender delta wings, however, have not 
been fully investigated.  Other non-delta wing planforms could also exhibit oscillations, 
and it is worth investigating.  Finally, it is worth investigating further other forms of 
movement that a wing may undergo such as pitching, as these everyday manoeuvres 
warrant further knowledge. 
 
1.7 Objectives 
     In summary, the major contributions relating to this study are to:  
 
i. investigate further the effect on delta wings of sweep angle in terms of self-
excited roll oscillations at high angles of attack by examining the corresponding 
vortex topology and to endeavour to provide a suitable explanation for why the 
oscillations occur (Chapter 4);  
ii. investigate the non-zero mean roll trim angles as a function of sweep angle, 
which will affect aircraft in flight (Chapter 5); 
iii. investigate the pitching of delta wings in a free-to-roll motion related to actual 
flight manoeuvres (Chapter 6) and to 
iv. further investigate other wing planforms used for aircraft and associated free-to-
roll instabilities (Chapter 7). 
 
Free-to-roll oscillations, especially of non-slender delta wings, are not yet fully 
understood, so it is hoped that utilising PIV will allow further interpretation. 
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Figure 1.1 Schematic of the subsonic flow-field over a delta wing
7
. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Variation of lift coefficient with angle of attack
9
. 
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Figure 1.3 Effect of leading-edge sweep on vortex breakdown location for sharp-
edged delta wings
11
. 
 
 
 
 
 
 
a)      b) 
 
 
 
 
 
 
 
Figure 1.4 Example of a UAV (left, Boeing X-45C
13
) and an MAV (right, 
AeroVironment Wasp
14
). 
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Figure 1.5 Surface flow visualisation at α = 2.5
o
 for a delta wing with 50
o
 sweep and 
sharp leading-edge
15
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a)       
 
 
 
 
 
 
 
 
 
 
 
 
Primary vortices                 Reattachment  Secondary vortices  
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Figure 1.6 Flow visualisation of the apex of wings with Λ = 50
o
 and a) sharp 
leading-edge and b) round leading-edge at α = 17.5
o15
. 
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Figure 1.7 Effect of leading-edge shape on the location of the reattachment line as a 
function of angle of attack
15
. 
 
a)       b)     
   
 
 
 
 
 
 
 
 
 
Figure 1.8 a) Experimental
16
 and b) computational
17
 examples of the dual vortex 
structure for 50
o
 sweep wings at α = 5
o
 and α = 7.5
o
 respectively. 
 
a)               b)    
 
 
 
 
 
 
 
 
 
Figure 1.9 Magnitude of velocity in a) the vortex core and b) near the wing surface 
for 50
o
 sweep wing at α = 20
o16
.  
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Figure 1.7 Sketch of static and dynamic vortex position during slender wing rock
23
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Variation of the vortex breakdown position with roll angle at α = 20
o
 for 
a non-slender delta wing
18
. 
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Figure 1.9 Roll angle time history of 45-deg delta wing model at α = 30
o50
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10 Effect of leading-edge sweep on the roll damping
33
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11 Unsteady characteristics of a wing with Λ = 45
o
 at α = 30
o
 and round 
leading-edge performing self-excited roll oscillations
6
. 
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Figure 1.12 Moving-wall effect on a pitching or plunging aerofoil
33
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13 Laser fluorescence flow visualisation at equilibrium roll angles for 
incidences α = 10°, 15°, 20°
45
. 
α=10° 
α=15° 
α=20° 
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Figure 1.14 Tuft visualisation of surface flow pattern at three different instants, 
corresponding to maximum (left), average (centre) and minimum (right) roll angles 
during self-excited roll oscillations
15
 at α = 28
o
. 
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Figure 1.15 Flow visualisation for a stationary and small amplitude (∆Φ = 5
o
) rolling 
wing in water tunnel experiments
18
. 
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Figure 1.16 Leeward side flowfield of LARR wings at high angle of attack
63
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.17 Sketch of unsteady vortical movement on LARR wing at 10 % chord 
location and standard position
65
. 
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Chapter 2  Experimental Methods 
2.1  Facilities 
 Wind tunnel experiments were conducted in the high speed working section of 
the 2.13 m x 1.52 m x 1.7 m closed circuit facility at the University of Bath, which 
enabled speeds up to 50 ms
-1
 to be achieved if necessary.  This is shown in Fig. 2.1 in 
schematic and in Fig. 2.2 the working section is shown as a picture, together with the 
computer set-up and part of the wind tunnel; these were the facilities available.   
 
 Experiments were conducted at a constant free-stream velocity varying between 
U∞ = 10 – 30 ms
-1
, giving Reynolds numbers (based on chord length) of between 
114,000 and 839,000, which is close to flight conditions for unmanned air vehicles 
operating at low/transitional Reynolds numbers.   
 
2.2 Apparatus 
2.2.1 Free-to-roll device 
 The wing and sting were attached to the high-α rig via a shaft free to rotate on 
greased bearings shown in Fig. 2.3a) (schematic).  Roll damping was thus present, but 
minimised by changing the bearings often.  One end of the shaft is attached to a 
potentiometer which outputs a varying voltage, linearly dependent on the roll angle, 
while the other end of the shaft is attached to the sting upon which the wing is 
supported.  The minimum angle of attack achievable with the high alpha rig is around 
1.5
o
.  Models were supported using the high-alpha rig as shown with the wing upside 
down in Fig. 2.3b) (photograph of the apparatus), which was controlled remotely so tests 
could be conducted into pitching.  The stings used for all the models on the free-to-roll 
device were in line with the roll axis of the wings themselves, so there was no coning 
motion, just pure roll.  A clamping system was designed so that there would be no 
centrebody mount on the wing surface influencing the flow and the suction surface was 
smooth, which did not upset the air flowing over the wing.   
 
 The standard deviation of the roll angle of the oscillations was calculated and the 
Strouhal number of the oscillations obtained using a Fast Fourier Transform.   
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2.2.2 Tuft visualisation 
 Surface flow visualisations were achieved using thin fluorescent thread taped to 
the wing suction surface.  Images were captured using a digital video camera with a 
resolution of 2 million pixels for 60 s.  Figure 2.4 shows an example of the set-up of the 
tufts for flow visualisation purposes, which was used as a first tool to determine the air 
flow over the wing in question 
 
2.2.3 Digital PIV system 
 Quantitative flow measurements were undertaken using Digital Particle Image 
Velocimetry (DPIV). The system used was a TSI Solo DPIV system, which incorporates 
a pair of pulsed mini Nd : YAG lasers with a maximum energy of 120 mJ per pulse that 
illuminated desired plane via a laser mirror if necessary.  A combination of cylindrical 
and spherical lenses was used to generate the required light sheet and the flow was 
seeded using a smoke generator placed in the low speed working section of the wind 
tunnel.  Images were captured using an eight-bit PowerView CCD digital camera with a 
resolution of 2048 x 2048 pixels and a maximum capture rate of 7.5 frames per second, 
producing 3.75 frames per second in cross-correlation as two images were needed for 
each frame.  The commercial software package TSI Insight version 6.0 and a Fast 
Fourier Transform (FFT) cross-correlation algorithm were used to analyse the images, 
with an interrogation window of 32 x 32 pixels and to produce velocity vectors for 
further processing.  16 x 16 fields were looked at but were found to be large in terms of 
data, while 64 x 64 were not significantly accurate. 
 
 For all the measurements, up to 2000 instantaneous images were captured to give 
a smooth phase-averaged flow field using an external trigger card.  The time delay used 
was 7 µs and was found to give the best results at these tunnel velocities, and work has 
been performed on this by other authors
74
.  For these speeds of the wind tunnel, 5 µs did 
not allow significant movement to be picked up and faster speeds enabled the smoke to 
leave the field under investigation, so results were worse.  In the static tests, the wing 
was held stationary, while in the dynamic tests the wing was then released, allowed to 
roll and triggered measurements were taken.  Two measurements, corresponding to roll 
angle increasing and roll angle decreasing, were taken for the mean roll angle to capture 
the flow physics of the whole motion.  Two consecutive images of the smoke particles 
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and their associated positions were captured at a specified time separation by a digital 
camera placed behind the wing in the high-speed section of the wind tunnel.  This was 
for cross-flow measurements and the camera was placed opposite the wing and outside 
the wind tunnel for the near-surface measurements.  The PIV set up is shown in Fig. 2.1.  
The models were painted matt black in order to avoid reflections created from the laser 
and the working section was shrouded with curtains for safety.   
 
 In order to study the strength of the side-edge vortices from the PIV data, 
circulation was calculated using a line integral around the region of interest and 
normalised using the free-stream velocity (U∞) and chord length (c).  A 3D PIV system 
would have allowed for a w component as measurements of an oscillating wing were 
difficult, as will be discussed in Chapter 2.3. 
 
2.2.4 Wing models for the effect of moment of inertia 
 The edges on all the following wings were manufactured as either round or 
sharp.  To clarify this - for the delta wings, the leading-edge was the only one with the 
named profiles and at the rear of the wing the edge was a simple straight cut.  An ‘edge’ 
for the rectangular wings signifies all the way around the wing sides.  The moment of 
inertia about the roll axis for each wing was calculated using CAD software, which had 
been calibrated using the measured masses of the wings and includes the moment of 
inertia of the sting used.  
 
 The symmetric clamp used in carbon wing cases is shown in Fig. 2.5 and this 
clamp was necessary to hold the carbon wings due to their brittle nature.  As stated, the 
free-to-roll moment of inertia is taken into account in the calibrations and calculations.  
Different materials were used in order to give different moments of inertia about the roll 
axis in order to determine the role of wing weight in the self-induced delta wing 
oscillation phenomenon.  Each carbon delta wing had Λ = 50
o
 and a single bevel 
leading-edge (wings 12 – 14 in Table 2.1, which shows the wings tested) as the material 
was too brittle to form a double-bevelled leading-edge with, particularly at the apex.  
This leading-edge shape ensured the separation point was fixed, so the results could be 
compared to the aluminium 50
o
 sweep wing (wing 4 in Table 2.1) with the same chord, 
upon which free-to-roll tests were also verified.  One more delta wing (wing 11 in Table 
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2.1) was designed and made out of 2 mm thick steel, again with Λ = 50
o
 but with 
double-bevelled leading-edge, to complement the results already obtained due to the 
higher moment of inertia about the roll axis.   
 
2.2.5 Wing models for the effect of leading-edge shape 
 For these experiments, the wings were set free to roll at the smallest or largest 
angles of attack, and then the angle of attack was increased or decreased, without any 
setting of the initial roll angle.  Prior to stall, the mean roll angle is non-zero and there 
were no roll oscillations.  In a critical and small range of incidence the roll oscillations 
became large.  Upon further increase in incidence, the roll oscillations died away before 
the mean roll angle suddenly snapped to zero.  Comparison with the lift curves indicates 
that these self-excited roll oscillations occur around the stall angle.  Note that stall 
occurs earlier for the sharp-edged wings
20
. 
 
   To begin with, a 10 mm thick HDPE (high-density polyethylene) wing with 200 
mm chord and round leading-edge (wing no. 1 – henceforth referred to as the thick 
wing) was tested in preparation for PIV measurements.  It was desired to repeat the tests 
performed on wings with 8 mm thick HDPE (wings 15 - 18 in Table 2.1) to confirm 
previous results and check the equipment was operating in the same manner, and also to 
increase the resolution of the work previously done
15
 by increasing the angle of attack in 
quarter-degree increments around the angles of attack where free-to-roll oscillations 
were expected.  Each of these wings had different leading-edges, but similar moments of 
inertia, sweep angle (50
o
) and thickness ratio (t/c = 4 %).  The leading-edges were sharp, 
4:1 elliptical, 2:1 elliptical and round to ascertain the role of separation on the 
oscillations.  
 
2.2.6 Wing models for the effect of sweep angle 
 Twenty two different delta wings were tested, with the leading-edges and 
moments of inertia different, as well as the actual shape of the wing, be it delta or a 
cropped section with the same span.  Wings were fabricated out of aluminium, steel, 
high density polyethylene (HDPE) or carbon fibre, depending on what was desired.  A 
general delta wing shape, together with leading-edge shapes is shown in Fig. 2.6.  These 
 50 
leading-edges were also used for other wing shapes tested.  Testing commenced with a 
round leading-edge (D), and then moved on once the effect of leading-edge was 
discovered.  Shapes E and F were tested to confirm some previous data obtained in the 
wind tunnel and to further the knowledge of equipment capability.  Previously at the 
University of Bath, tests on free-to-roll oscillations had been performed only on delta 
wings with Λ = 50
o
.  The boundary between slender (for which a lot more is known) and 
non-slender wings is usually taken as Λ = 55
o
.  Wings of Λ = 40
o
, 45
o
, 52.5
o
, 55
o
, 60
o
, 
65
o
 and 70
o
 (wing numbers 2 – 10 in Table 2.1) were manufactured out of aluminium 
and had sharp leading-edges, so separation was not an issue.  The moment of inertia 
about the roll axis was different for each however, but it was thought for this data that 
this would only affect the frequency of oscillation, rather than again whether or not the 
oscillations occurred.   
 
 Cropped delta wings were also tested.  These wings were fabricated out of 3 mm 
thick aluminium with sharp leading edges and the same span as one another.  Wings 19 - 
21 in Table 2.1 were made with a 55
o
 sweep leading-edge for the delta portion of the 
wing and 50, 100 and 150mm cropped lengths.  Wing 22 was made with the same span, 
but using a 40
o
 sweep angle.   
 
2.2.7 Pitching delta wings 
   Various parameters were investigated to see whether oscillations could be 
attenuated by varying moment of inertia, leading-edge shape, planform shape and 
ultimately by pitching.  In addition to the passive attenuation of the oscillations, active 
attenuation of oscillating wings was attempted by varying the angle of attack of the 
wings at a constant rate, once they had settled into their motion.  
 
2.2.8 Alternative planform shapes considered 
 Further tests were carried out on wings with other planforms once the delta wing 
field was finalised; the data for each shown in the Table 2.2.  Five other wings were 
made out of aluminium and tested including a Zimmerman shape (wing 26), an ellipse 
(wing 27, made due to the greatest lift gain of any planform shape) and some rectangular 
shapes (wings 23 – 25).  The four rectangular wings are shown in Fig. 2.7.  Wings 23 
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and 25 (Table 2.2) had rectangular planforms and leading-edge D from Fig. 2.6.  Wing 
24 had leading-edge B.  
 
2.3   Uncertainties 
 The effect of the Reynolds number is substantial for Re < 30,000
2,20
, so is not 
thought to be an issue here as the Reynolds number is an order of magnitude higher.  
Maximum blockage for the wind tunnel was approximately 4.3 % at α = 16° for the 
rectangular wing with AR = 4, which is within the 5 % suggested by the wind tunnel 
fabricators
7
.  The wing was supported on its pressure surface and also in a vertical plane 
for practical reasons.  Errors in the measurements for the fabrication of apparatus were 
very small.  Roll angle was measured with a potentiometer with an estimated uncertainty 
of ± 1° at a sampling frequency of 250 Hz, with measurements of between 30 s and 90 s 
in length once the wing had settled into motion.  The angle of attack was varied in 
quarter-degree increments so the peak in the standard deviation plot could be smoothed 
and an angle of attack near the maximum could be chosen.  The data could have been 
more specific with closer increments, but the high-alpha device would not show 
sufficient resolution. 
 
 Not every vector is shown in the PIV test results for clarity, only every other 
vector is shown so the contours are visible.  According to TSI, measurements obtained 
by the PIV images are correct within 2 % of the free-stream velocity.  Near-surface 
velocity measurements were performed with the laser in the PIV tests illuminating a 
plane parallel and close to the wing surface (1 mm from the surface, which is equivalent 
to a maximum of 0.6 % of the chord length).  Such PIV measurements were previously 
used to give an indication of the near-surface topology on low sweep delta wings
16,75
.
 
 
The effective grid size varied from 1.2 mm to 1.9 mm in these measurements.  Further, 
for the near surface PIV measurements, errors were minimal as any significant roll angle 
error led to the laser sheet hitting the rear of the wing, thus the camera receiving no input 
due to the proximity to of the laser to the wing surface.  An amount of 1000 pictures 
were needed for the PIV tests because of the noisy nature of these experiments, 
primarily due to the camera being housed in a large box in the unsteady wake of the 
wing when cross-flow measurements were taken.  Up to four separate tests were needed 
to cover the extent of the wing span, depending on if the measurements were cross-flow 
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or near-surface.  The data were taken at various chordwise positions depending on which 
wing was being tested and what was being looked at.  The processing of Insight and 
Matlab was much more accurate than errors when obtaining the data, so errors here were 
neglected. 
 
 Data being lost as bad vectors (noise) was very minimal, bar next to the wing 
surface due to laser reflection in the cross-flow case.  The reflections from the wing 
surface were strong as a result of the laser being fired directly at it in some cases, 
particularly at low roll-angles and from the leading-edge of the wing nearest the laser.  
This reflection is why reattachment points have not been tabulated.  Even for slender 
delta wings the flow appeared to be attached in a cross-flow plane, though the limited 
near-surface PIV and knowledge says it is not.  In order to overcome problems 
experienced because of blooming, a phenomenon similar to that found when taking 
photographs of bright objects such as the sun, the camera box had to be rotated to the 
same angle as the wing, which contributed to the instability of the camera box due to the 
larger moment arm.  The reflections were minimised during the testing procedure.   
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Figure 2.1 High-speed working section of the wind tunnel used in experiments, 
together with set-up for PIV tests.  
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Picture of the working section of the wind tunnel and apparatus. 
 
 
a)       b) 
 
 
 
 
 
 
 
 
 
Figure 2.3 a) Schematic and b) picture of free-to-roll device. 
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wind tunnel 
Laser sheet in cross-
flow or near-surface 
Wing on free-to-roll sting 
High-alpha rig 
U∞ 
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Figure 2.4 Tuft visualisation example. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Symmetric clamp design (not to scale). 
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Wing 
number 
Leading-
edge 
sweep, 
o
 
Material A, m
2
 t/c, 
% 
Type of 
leading-
edge 
Ixx,  
kgm
2
 
 
Re, 
 ρU∞c / µ 
Comment 
1 50 HDPE 3.36 x 10
-2
 10 D 3.0789 
x 10
-3
 
411,000 Delta 
wing 
2 40 Aluminium 2.37 x 10
-2
 2.13 A 0.7925 
x 10
-3
 
289,000 Delta 
wing 
3 45 Aluminium 2.82 x 10
-2
 1.79 A 0.9453 
x 10
-3
 
345,000 Delta 
wing 
4 50 Aluminium 3.36 x 10
-2
 1.5 A 1.2075 
x 10
-3
 
411,000 Delta 
wing 
5 52.5 Aluminium 3.67 x 10
-2
 1.37 A 1.2645 
x 10
-3
 
449,000 Delta 
wing 
6 55 Aluminium 4.02 x 10
-2
 1.25 A 1.3735 
x 10
-3
 
492,000 Delta 
wing 
7 57.5 Aluminium 4.42 x 10
-2
 1.14 A 1.4165 
x 10
-3
 
530,000 Delta 
wing 
8 60 Aluminium 4.88 x 10
-2
 1.03 A 1.7563 
x 10
-3
 
597,000 Delta 
wing 
9 65 Aluminium 6.04 x 10
-2
 0.83 A 2.0804 
x 10
-3
 
739,000 Delta 
wing 
10 70 Aluminium 7.74 x 10
-2
 0.65 A 2.6582 
x 10
-3
 
927,000 Delta 
wing 
11 50 Steel 3.36 x 10
-2
 1 A 2.1440 
x 10
-3
 
411,000 Delta 
wing 
12 50 Carbon 3.36 x 10
-2
 1 B 0.6388 
x 10
-3
 
411,000 Symmetric 
clamp 
used 
13 50 Carbon 3.36 x 10
-2
 1.5 B 0.8837 
x 10
-3
 
411,000 Symmetric 
clamp 
used 
14 50 Carbon/ 
foam 
sandwich 
panel 
3.36 x 10
-2
 1.7 B 0.2907 
x 10
-3
 
411,000 Symmetric 
clamp 
used 
15 50 HDPE 3.36 x 10
-2
 4 C 1.1325 
x 10
-3
 
411,000 Sharp 
leading-
edges 
16 50 HDPE 3.36 x 10
-2
 4 D 1.1209 
x 10
-3
 
411,000 Semi-
circular 
leading-
edges 
17 50 HDPE 3.36 x 10
-2
 4 E 1.2352 
x 10
-3
 
411,000 2:1 
elliptical 
leading-
edges 
18 50 HDPE 3.36 x 10
-2
 4 F 1.1644 
x 10
-3
 
411,000 4:1 
elliptical 
leading-
edges 
19 55 Aluminium 8.81 x 10
-2
 0.88 A 3.6826 
x 10
-3
 
697,000 Cropped 
wing 
20 55 Aluminium 11.2 x 10
-2
 0.77 A 4.8295 
x 10
-3
 
800,000 Cropped 
wing 
21 55 Aluminium 13.6 x 10
-2
 0.68 A 5.9942 
x 10
-3
 
903,000 Cropped 
wing 
22 40 Aluminium 4.377 x 
10
-2 
1.76 A 1.4671 
x 10
-3
 
292,000 Cropped 
wing 
 
Table 2.1 Specifications of delta wings tested. 
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Figure 2.6 Generic delta wing planform and leading-edge profiles: A) Double bevel, 
10
o
 angle; B) Single bevel, 10
o
 angle; C) Single bevel, 45
o
 angle; D) Semi-circular; E) 
2:1 elliptical and F) 4:1 elliptical. 
 
 
Table 2.2 Specifications of other wings tested. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Planform shapes with Zimmerman (top left), elliptical (top right) and 
rectangular wings with AR = 2 and 4 (bottom, from left to right respectively). 
Wing 
number 
Aspect 
ratio, 
b
2
/S 
Material t/c, 
% 
Type of 
leading-
edge 
Ixx,  
kgm
2
 
 
Re, 
 ρU∞c / µ 
Comment 
23 2 Aluminium 1.79 D 4.1290 
x 10
-3
 
114,000 
228,000 
342,000 
Rectangular 
24 2 Aluminium 1.79 B 3.1576 
x 10
-3
 
114,000 Rectangular 
25 4 Aluminium 1.79 D 3.2592 
x 10
-2
 
114,000 Rectangular 
26 1.93 Aluminium 1.41 D 3.2330 
x 10
-3
 
145,000 
290,000 
435,000 
Zimmerman 
27 2.55 Aluminium 1.79 D 2.5083 
x 10
-3
 
114,000 
228,000 
342,000 
Elliptical 
c = 167.5 mm 
  U∞ 
A  
B 
C 
D 
E 
F 
Λ
b = 335.6 mm 
c 
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Chapter 3  50
o
 Sweep !on-slender Delta Wings 
 Both zero and non-zero roll angles are possible for free-to-roll non-slender delta 
wings, depending on the angle of attack.  Hence it is useful to consider the roll 
characteristics as a function of incidence in addition to presenting the roll angle time 
histories.  The roll characteristics of the thick wing (t/c = 10 %) in the pre-stall, near-
stall, and post-stall regions are investigated.  Comparisons between different thicknesses 
of delta wings (still with 50
o
 sweep) are also discussed in this Chapter. 
 
3.1 Thick delta wing 
3.1.1 Pre-stall incidences 
 Figure 3.1a) presents an example of the time history of wing roll angle and 
shows that the roll angles reached during the motion for wing 1 are non-zero.  At pre-
stall angles of attack at which vortex breakdown was expected to be over the wing, 
several equilibrium positions at non-zero roll angles were found, depending on the initial 
roll angle
15
.  In the present investigation, no initial roll angle was imposed upon any of 
the wings.   
 
 Figure 3.1b) shows that zero roll angle is not an equilibrium position at pre-stall 
angles of attacks, possibly due to the destabilising nature of vortex breakdown.  The 
existence of multiple roll “attractors” is somewhat similar to the observations for a 
slender delta wing
24
 (Λ = 65°).  This will be discussed in Chapter 5; however, there is a 
significant difference in that zero roll angle is not an attractor for the non-slender delta 
wing at pre-stall incidences.  Similar flow patterns (not shown) were found throughout 
the pre-stall region when the angle of attack was increased, with the continued 
asymmetric location of the reattachment lines.  The flow physics behind the observation 
that zero roll angle is not a stable position is not clear, but is believed to be associated 
with flow reattachment
19,45
 rather than vortex breakdown, as might be expected.  Note 
that, at these pre-stall incidences, there was evidence of reversed flow on the leeward 
side of the wing, suggesting stall of this wing half though stall of non-slender delta 
wings was seen to be slower than that of slender delta wings
17
.  
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3.1.2 !ear stall: roll oscillations 
 Around the stall angle, self-excited roll oscillations are observed as shown in Fig. 
3.1a).  These large amplitude roll oscillations for the thick wing with round leading-edge 
differ from slender wing rock.  They occur about a non-zero roll angle and do not exhibit 
constant amplitude, as has been previously noted for a non-slender delta wing and is 
discussed in the literature review
34
.  The frequency and amplitude of these oscillations 
appeared to be independent from the initial roll angle, but probably depend on spring 
damping effects.  Self-excited roll oscillations about a non-zero attractor are not well 
understood, as previously discussed in Chapter 1.  As was discussed in the pre-stall 
region, the leeward shear layer appears to be stalled at all roll angles during the motion, 
with reversed flow again evident.  The mean roll angle against angle of attack plot (Fig. 
3.1b)) shows how the mean roll angle magnitude increases before reducing, then 
increasing again before the wing snaps back to zero roll angle at α = 32
o
, corresponding 
to full wing stall.  Interestingly there is a range of angles of attack after which the wing 
has finished oscillating (low standard deviation), but before the wing snaps back to zero 
mean roll angle in Fig. 3.1b).  This also shows the broad range of angles of attack at 
which roll oscillations are observed and the high amplitude of roll oscillation.   
 
 The wing was found to oscillate with a Strouhal number of St = 0.01 (Fig. 3.1c)), 
which is relatively low.  Figure 3.1c) shows how the Strouhal number (frequency) of 
wing roll oscillations increases slightly with an increasing angle of attack.  Insensitivity 
of the round leading-edge and the larger moment of inertia (Table 2.1) of the thick wing 
mean this increase is less than in the sharp leading-edge case.  This will be discussed in 
the next Chapter and the effect of moment of inertia will be shown.  The thick wing 
demonstrates insensitivity to angle of attack which has previously been observed by 
other researchers
49
 for round leading-edges.  This is thought to cause the broad peak in 
the standard deviation plot due to the insensitivity to angle of attack of the round 
leading-edge.  Figure 3.1d) shows that the oscillation of the wing is not sinusoidal in this 
case; a sinusoidal oscillation would trace out an oval on the angular velocity plot.  
Figure 3.1e) shows that the rolling moment coefficient (from equation (4)) and the time 
variation of the rolling moment coefficient is calculated from:  
 
Cr = (Ixxd
2
Φ/dt
2
) / (qAb)   (4) 
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The measured static rolling moment becomes zero at these non-zero roll trim angles and 
it is believed that asymmetric vortex breakdown is behind this behaviour.  The non-zero 
mean roll angle this creates would cause the aircraft to lose lift and spin, thus it is not 
desirable. 
 
 It is interesting to note that cross-flow PIV velocity measurements indicate the 
presence of distinct reattachment lines at the maximum roll angle, whereas at the 
minimum roll angle the reattachment lines are closer together (Figs. 3.2 and 3.3).  These 
reattachment lines are a non-slender delta wing characteristic.  Figure 3.2 shows PIV 
data for the thick wing at an angle of attack at which roll oscillations occur, clamped (so 
no rotation) at near the minimum roll angle achieved during the free-to-roll motion.  The 
data is presented at three different chordwise locations, with velocity contour plots and 
vectors on the left of the Figure, and standard deviation of velocity plots as a 
representation of turbulence on the right.  At x/c = 0.25, there is little evidence of a 
windward (left-hand side) vortex or reattachment, suggesting that the flow is stalled.  
There is an interesting region of turbulent flow emanating from the leeward (right-hand 
side) shear layer in the turbulence plot.  On the right-hand side of Fig. 3.2 at x/c = 0.25, 
this is evident, and may be due to the apex of the thick wing forming a sharp edge at this 
non-zero roll angle, as this effect diminishes further down the wing and for thin 
planforms with sharp leading-edges.  The velocity fields at x/c = 0.5 and x/c = 0.75 
show that there is interaction between the shear layers, particularly evident on the 
turbulence plots.  As the flow progresses down the wing, the leeward shear layer moves 
further from the wing surface and the windward vortex becomes larger due to the 
continuous feeding of vorticity from the leading-edges.   
 
 Continuing to look at the minimum roll angle achieved in the rolling motion (Φ = 
26
o
), it can be seen from Fig. 3.2 that the velocity magnitude associated with the left-
hand vortex increases down the wing.  However, in this case there is a considerable 
reduction in velocity magnitude in the region of the right-hand wing half at x/c = 0.75.  
The reattachment lines are close together at Φ = 26
o
, though cannot be exactly defined.  
Note that there is no evidence of a vortical flow structure formed by the right-hand shear 
layer.  Whether this is because it is very close to the wing surface due to the round 
leading-edge or because the wing is stalled is unclear from this data.  The turbulence 
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intensity graphs on the right-hand side of Fig. 3.2 show that the turbulence associated 
with the shear layer increases in size further down the wing.  Another point to note, 
particularly at x/c = 0.75, is that the left-hand vortex has higher turbulence levels.  This 
may be due to unquantifiable noise from the laser reflection on the wing surface, but 
could also be due to the proximity of the attachment lines from both shear layers and 
subsequent interaction.  The vortices are seen to move further from the wing surface as 
the flow progresses down the wing in Fig. 3.2. 
 
 Figure 3.3 shows similar data to Fig. 3.2 but at near the maximum roll angle 
achieved during the rolling motion.  Figure 3.3 suggests that there is a reattached region 
at all chordwise locations, and the turbulence intensity confirms that there is no 
interaction between the shear layers.  Again, the leeward shear layer moves further from 
the wing surface and the windward (left-hand side) vortex becomes larger as the flow 
progresses down the wing.  It is interesting to note that the windward vortex is now 
much more compact at Φ = 54
o
 than at Φ = 26
o
 (Fig. 3.2) due to the increased effective 
sweep and lower effective angle of attack (equations (1) and (2)) of this wing half at this 
higher roll angle.  The other point to note is that the leeward shear layer is now much 
closer to the wing surface than at Φ = 26
o
 (Fig. 3.2).  Reattachment lines of the left and 
right-hand shear layers are well separated at this roll angle and betray the presence of a 
vortical structure on either wing half at all stations (Fig. 3.3).  There is an outboard 
velocity along the wing surface on the right-hand wing half and the vortices are seen to 
be particularly close to the wing surface.  The turbulence intensity in Fig. 3.3 shows the 
same pattern, with the turbulent region associated with the right-hand side shear layer 
becoming larger in size further down the wing.  The turbulence associated with the left-
hand side shear layer grows in size down the wing and also moves further from the wing 
surface.  Previous work has believed that this vortex is what causes the non-zero trim 
angles and non-linearity.  The vortices are suspected to create non-linearity in the CL vs. 
α curve as the linear portion is due to potential flow (thin aerofoil theory
7
). 
 
 Comparing the velocity fields at the maximum and minimum magnitudes of roll 
angle (Figs. 3.2 and 3.3) particularly at x/c = 0.75, it can be seen that there is a large 
difference in the size of the windward (left-hand side) vortex.  The lower effective angle 
of attack mean a more compact vortex is formed at the higher magnitude of roll angle.  It 
appears that no leeward vortex is formed by the right-hand shear layer at the lowest 
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magnitude of roll angle (no reversed flow), possibly due to stall, while there is evidence 
for the two larger magnitudes of roll angles that a leeward vortex forms in this region.  
At the highest roll angle it is evident that the vortical flows are closer to the wing 
surface.  In all cases the shear layers move further from the wing surface as the flow 
progresses down the wing due to continuous feeding of vorticity from the leading-edges.  
The velocity fields show how the reattachment line of the right-hand side shear layer 
moves further outboard with increasing magnitude of roll angle.  Velocity fields at x/c = 
0.75 demonstrate an outboard flow along the right-hand side wing surface, though the 
outboard flow for the left-hand vortex is hard to see due to proximity to the wing 
surface.  The turbulence intensity levels associated with increasing magnitude of roll 
angle are seen to increase, while the presence of this turbulence gets closer to the wing 
surface, showing that the increasing roll angle causes the shear layers to be closer to the 
wing surface. 
 
 Figures 3.4 and 3.5 present the normalised velocity profiles and streamline 
patterns respectively, for the thick wing in motion at α = 28
o
 (near maximum standard 
deviation from Fig. 3.1b)) and x/c = 0.25.  Figures 3.4 and 3.5 show the movement of 
the leeward shear layer reattachment point, and how an area of reattached flow exists at 
near the maximum roll angle, but is not evident at near minimum roll angle or at the 
mean roll angle as the roll angle increases.  Figure 3.4 indicates that the maximum roll 
angle (part (i)) and the mean roll angle for decreasing roll (part (ii)); the right-hand shear 
layer is very close to the wing surface.  It moves farther away from the wing surface at 
the minimum roll angle (part (iii)) and the mean roll angle for increasing roll (part (iv)).  
Figure 3.4 also shows the movement of the right-hand shear layer reattachment point, 
and how an area of reattached flow exists near Φmax (part (i)), but is not evident near 
Φmin (part (iii)) or at Φmean (part (iv)) as the roll angle increases.  As near Φmax the 
leeward shear layer is much closer to the wing surface, this presumably generates the lift 
on that wing half to drive the wing back in the other direction.  There appears to be a 
time lag in the development of the flow.  A leeward vortical structure also appears to 
form at near the maximum roll angle, and the shear layer is much closer to the wing 
surface (Fig. 3.5), which presumably drives the wing back in the other direction.  There 
appears to be a time lag effect, with the leeward shear layer stalling after the lowest roll 
angle, evident in Fig. 3.4 (iii) and (iv).  In all cases the windward vortex is too close to 
the wing surface to be distinguished.   
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 The phase-averaged velocity fields at x/c = 0.5 (Figs. 3.6 and 3.7) are similar to 
those at x/c = 0.25 (Figs. 3.4 and 3.5).  Figures 3.6 and 3.7 confirm that a large area of 
reattached flow is present at near the maximum roll angle and that the leeward shear 
layer appears to stall after the minimum roll angle.  This corresponds to the leeward 
shear layer being furthest from the wing surface at point (iv) but closest at point (i), 
where it has more effect on the wing dynamics.  An interesting point to note is how the 
size of the windward vortex changes throughout the motion, visible in Fig. 3.6.  At 
instance (i), it is compact, in contrast to (iii) where it appears to be much larger.  
Whether this is due to vortex breakdown or not is unclear and would require near-
surface PIV measurements to determine.  At this chordwise location a leeward vortical 
structure is evident in all cases.   
 
 This hysteresis effect is more pronounced at a streamwise station further 
downstream (x/c = 0.5) as shown in Fig. 3.8 (every other vector is omitted for clarity).  
This Figure shows the three different flow structures possible at the mean roll angle 
depending on whether the wing is static, Φ is increasing or Φ is decreasing.  These 
different flow structures indicate the presence of a time lag, without which the motion 
would not occur.  In the instance of b), the left-hand vortex is generating the lift driving 
the motion and vice versa in c).  Figs. 3.8a) and 3.8c) show that the structures in these 
two cases are very similar, though with a slightly larger area of reattached flow in (c).  In 
this case, the right-hand vortical structure must be generating more lift than the left-hand 
wing half.  According to equations (1) and (2), for this wing at α = 28
o
 and Φmax = 54
o
, 
Λeff = 73.3
o
 and αeff = 17.4
o
, which would place vortex breakdown beyond the trailing-
edge
10
, while at Φmin = 26
o
, values of Λeff = 63.1
o
 and αeff = 25.5
o
 would place breakdown 
on the wing surface in the static case.  However, it has not been previously investigated 
how the time lags present affect breakdown on this rolling wing.  A significant 
difference exists for Φ increasing, with the right-hand shear layer being much further 
from the wing surface.  In this instance, the left-hand vortex must be generating more lift 
to drive the motion.  At this streamwise station, the vortical flow developing on the left 
hand side is more visible.  For all cases in Fig. 3.8, the left-hand vortex is compact and 
approximately the same size.  The right-hand vortical flow is expected to have 
breakdown at the apex at all roll angles.  Although a general understanding of the 
vortical flow during the roll oscillations is achieved, role of the round leading-edges, if 
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any, is not clear. Comparison of the velocity field with that of wings with sharp leading-
edge will be presented later on in the Chapter. 
 
3.1.3 Post-stall incidences 
 In Fig. 3.1b) the model can be seen to reach equilibrium not too far from zero 
mean roll angle at low angles of attack.  When the angle of attack is increased 
sufficiently away from the stall angle, there is only one trim position at zero roll angle 
(Fig. 3.1b)).  There were some initial oscillations which rapidly died away because the 
wing motion is damped in this case, which corresponds to full wing stall, with reversed 
flow on both wing halves.   
 
3.2 Other leading-edge shapes 
 Self-excited roll oscillations were also observed for a thin (t/c = 1.5%) delta wing 
with the same planform shape but with sharp leading-edge, which will be discussed in 
Chapter 4.  This is the first experimental observation of such oscillations for non-slender 
delta wings with sharp leading-edges.  It suggests that even when the separation point is 
fixed as it is for the sharp leading-edge, these oscillations occur.  As the amplitude of the 
motion is amplified for a round leading-edge, characteristics of flow separation at the 
leading-edge are a contributing, but not a necessary factor.  In both cases these 
oscillations are observed around the stall angle, where the reattachment of asymmetric 
flows is the most important factor on non-slender delta wings
19,45
.  If the leading-edge is 
round (hence the separation line is not fixed) unsteady separation at the leading-edge 
might also contribute to the roll oscillations. 
 
 The mean roll angle and standard deviation of roll oscillations are shown as a 
function of incidence for wings with various leading-edge profiles in Fig. 3.9.  Trends 
are similar to those of the thick delta wing with round leading-edge (Fig. 3.1b)), with the 
wing stalling suddenly after the oscillations.  The standard deviation of the roll 
oscillations for the round leading-edge wing is smaller for the t/c = 4 % wing (number 
16 in Table 2.1, results in Fig. 3.9c) than for the 10 % thick wing in Fig. 3.1b), which is 
due to the wing thickness.  It is interesting to note that at a given thickness, the wing 
with 2:1 elliptical leading-edge (number 17 in Table 2.1) exhibits the largest oscillations 
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of these 4 wings (Fig. 3.9a)).  Perhaps this compromise between a blunter leading-edge 
of the semi-circular profile in Fig. 3.9c) and the sharper 4:1 elliptical leading-edge in 
Fig. 3.9b) allows the separation point to move, thus causing the oscillations to become 
larger.  The 4 % thick delta wing with 4:1 elliptical leading-edge (number 18 in Table 
2.1) again demonstrated free-to-roll oscillations, as shown in Figure 3.9b) (time history 
of roll angle).  The stall angle obtained from the mean roll angle plot was around α = 
26.5
o
, which is again near what was observed previously
45
.  Unlike for the thick, round 
leading-edge version of this wing, the magnitude of the roll angle did not reduce just 
before stall for the 4 % thick version.  The oscillations were of lower amplitude than for 
the 2:1 elliptical case, as shown in Fig. 3.9c).  The leading-edge shape of 2:1 elliptical 
gave larger oscillation amplitudes than even the round leading-edge, possibly because it 
is easier for the separation point to move in this case than on the sharper leading-edges 
and there is less curvature than in the round leading-edge case, suggesting that the flow 
can stay attached for longer.  The data for the sharp leading-edged version (number 15 in 
Table 2.1, results shown in Fig. 3.9d)) confirms this.   
 
3.3 Summary 
 A mechanism is postulated whereby at the maximum roll angle a large area of 
reattached flow damps the motion on the leeward wing half and overcomes the lift 
provided by the compact windward vortex.  This drives the wing around.  The leeward 
shear layer (because of the changing effective angles) stalls as the roll angle decreases 
and the dominant driving mechanism is now the windward vortex.  This windward 
vortex may break down at the minimum roll angle due to increasing effective angle of 
attack. This could explain the differing amplitude of the motion, as it is well known for 
the breakdown location on non-slender delta wings to fluctuate by up to 40-50 % of the 
chord length
76
, compared to around 10% for slender delta wings
77
.  This breakdown 
would damp the motion at the smallest roll angle. 
 
 Upon analysis of the evidence, the following points are observed: 
 
• The oscillations may be triggered by the increasing proximity of the 
reattachment points as the angle of attack is increased, causing an interaction 
between the two reattaching shear layers.  They cannot be caused by vortex 
breakdown because at the mean roll angle vortex breakdown is beyond the 
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trailing-edge on the windward wing half, whereas it is at the apex for the 
leeward wing half.  This assumes no time-lag effects; 
 
• At the maximum magnitude of roll angle, there is enough lift on the right-
hand wing half to cause the wing to roll back towards the minimum 
magnitude of roll angle.  This may be because the right-hand vortical structure 
has formed closer to the wing surface, which could also explain the earlier 
reattachment;  
 
• The left-hand side vortex at this maximum roll angle is compact (because of 
high effective sweep and low effective angle of attack) and generates less lift.  
This is shown by the lower velocities, thus circulation, associated with this 
vortex at high roll angles when compared with low magnitudes of roll angle in 
the dynamic PIV data at α = 28
o
; 
 
• As the roll angle magnitude decreases through its mean roll angle the 
reattachment points move closer together, which may affect the damping 
properties of the wing; 
 
• At the minimum roll angle, the left-hand side vortex increases in strength, 
caused by the increase in effective angle of attack.  Vortex breakdown may 
also be present on the wing at this point and the oscillation of this breakdown 
point cause the irregular amplitude of the motion.  If breakdown occurs closer 
to the apex, less lift will be generated by the left-hand side wing half, 
suggesting that the driving force for the motion is reduced, thus the amplitude 
is less.  This relatively strong vortex causes the wing to roll in the other 
direction, and may be what provides the damping to stop the motion at this 
roll angle.  Here the reattachment points are very close together, but the left-
hand side vortex is still present and generates enough lift to make the wing 
rotate in the other direction.  The PIV data shows that the right wing half may 
be stalled as the roll angle increases through the mean value again; 
 
 66 
• The aforementioned oscillations are not seen to such an extent for the wings 
with sharp leading-edges, which suggest that the motion is probably related to 
the separation phenomenon.  The round leading-edge amplifies the effect of 
the motion because the separation point is free to move; this is what gives the 
thick wing its insensitivity to angle of attack and broad standard deviation 
peak;   
 
• In summary, a round leading-edge is good in terms of increasing stall angle, 
thus manoeuvrability of an air vehicle, but a sharp leading-edge can attenuate 
oscillations better at this sweep angle.  Hysteresis and time-lag effects are 
significant even though typical dimensionless frequencies are very low. 
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a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 
 
 
 
Figure 3.1    Free-to-roll results for non-slender delta wing with Λ = 50
o
, t/c = 10% and 
round leading-edge, showing a) time history of roll angle at α = 28
o
; b) mean roll angle 
with standard deviation as error bars versus angle of attack; c) Strouhal number versus 
angle of attack at angles of attack for which large oscillations occur; d) reduced roll rate 
versus roll angle and e) time history of rolling moment coefficient obtained from Φ(t) at 
α = 28
o
. 
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Figure 3.2 Cross-flow velocity magnitude (left) and turbulence intensity (right) at 
x/c = 0.25, 0.5 and 0.75 respectively, α = 28° and Φ = 26
o
 (signified by roll angle of 
diagram) for stationary non-slender delta wing with Λ = 50
o
, t/c = 10% and round 
leading-edge. 
x/c = 0.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
x/c = 0.5 
 
 
 
 
 
 
 
 
 
 
x/c = 0.75 
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Figure 3.3 Cross-flow velocity magnitude (left) and turbulence intensity (right) at 
x/c = 0.25, 0.5 and 0.75 respectively, α = 28° and Φ = 54
o
 for stationary non-slender 
delta wing with Λ = 50
o
, t/c = 10% and round leading-edge. 
x/c = 0.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
x/c = 0.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
x/c = 0.75 
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Figure 3.4 Phase-averaged velocity fields with timing diagram corresponding to 
images, with (i) at Φ = 54
o
; (ii) at Φ = 40
o
; (iii) at Φ = 26
o
 and (iv) at Φ = 40
o
 for free-to-
roll non-slender delta wing with Λ = 50
o
, t/c = 10% and round leading-edge at x/c = 0.25 
and α = 28
o
. 
(i)      (iv) 
(ii)      (iii) 
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Figure 3.5    Phase-averaged streamline patterns with timing diagram corresponding to 
images, with (i) at Φ = 54
o
; (ii) at Φ = 40
o
; (iii) at Φ = 26
o
 and (iv) at Φ = 40
o
 for free-to-
roll non-slender delta wing with Λ = 50
o
, t/c = 10% and round leading-edge at x/c = 0.25 
and α = 28
o
. 
(i)      (iv) 
(ii)      (iii) 
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Figure 3.6 Phase-averaged velocity fields with timing diagram corresponding to 
images, with (i) at Φ = 54
o
; (ii) at Φ = 40
o
; (iii) at Φ = 26
o
 and (iv) at Φ = 40
o
 for free-to-
roll non-slender delta wing with Λ = 50
o
, t/c = 10% and round leading-edge at x/c = 0.5 
and α = 28
o
. 
(i)      (iv) 
(ii)      (iii) 
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Figure 3.7 Phase-averaged streamline patterns with timing diagram corresponding to 
images, with (i) at Φ = 54
o
; (ii) at Φ = 40
o
; (iii) at Φ = 26
o
 and (iv) at Φ = 40
o
 for free-to-
roll non-slender delta wing with Λ = 50o, t/c = 10% and round leading-edge at x/c = 0.5 
and α = 28
o
. 
(i)      (iv) 
(ii)      (iii) 
 74 
a) Stationary 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Φ increasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Φ decreasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Cross-flow velocity fields at x/c = 0.5 for a) stationary wing; b) Φ 
increasing and c) Φ decreasing, at α = 28° and Φ = 40
o
 respectively, for non-slender 
delta wing with Λ = 50
o
, t/c = 10 % and round leading-edge. 
U
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a)            
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Graphs showing mean roll angle versus angle of attack with standard 
deviation as error bars (left), time histories of roll angle corresponding to maximum 
standard deviation (right, α = 26.75
o
, 26.5
o
, 26.25
o
 and 20.5
o
, respectively) and 
schematics of each leading-edge (centre) for non-slender delta wings with Λ = 50
o
, t/c = 
4% and a) 2:1 elliptical; b) 4:1 elliptical; c) semi-circular and d) sharp leading-edges.  
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Chapter 4  !on-slender Delta Wings 
 All delta wings being tested, apart from the 70
o
 sweep wing, exhibited significant 
non-zero roll trim angles, which is similar to what has been observed previously 
(Chapter 1).  The delta wings tested could be put into two categories, dependent on their 
observed stalling characteristics.  Firstly, wings of Λ ≤ 55
o
 snapped suddenly from a 
non-zero mean roll angle to zero mean roll angle as angle of attack was increased, which 
is assumed to be where the wing stalls.  Secondly, wings of higher sweep angles reduced 
to zero mean roll angle more gently, thus were considered to be stalling more gradually, 
and will be discussed in the next Chapter.  This Thesis goes along with the tradition of 
calling delta wings of Λ ≤ 55
o
 non-slender and those of greater sweep angle slender.  
Note that all wings discussed in this Chapter have sharp leading-edges, to take the 
roundness of the leading-edge out as a factor. 
 
4.1 Effect of moment of inertia 
 Since the wings in this Chapter had sharp leading-edges, the separation point was 
fixed and they all had the same span.  It was desired to know the effect of various 
parameters as well as fixing the separation point.   
  
 Figure 4.1 demonstrates the effect of the moment of inertia of a non-slender delta 
wing planform of Λ = 50
o 
(heavier wings with increasing Figure number).  The moment 
of inertia about the roll axis includes that of the two slightly different stings used.  On 
the left-hand side, plots are shown of the mean roll angle against the angle of attack; 
with the standard deviation of the oscillations shown as error bars.  On the right-hand 
side, a 15 s trace of the roll oscillations at the maximum standard deviation is shown at a 
point near stall in all cases.  Increasing the moment of inertia of the wing (Fig. 4.1) is 
seen to delay the stalling characteristics.  This is in terms of making the angle of attack 
where the wings snap to zero mean roll angle larger on the left-hand plots as the moment 
of inertia increases.  This is presumably because the oscillations of the wing take it to a 
state where it oscillates in and out of stall, while the heavier wings are seen to reach 
lower roll angles and thus not necessarily achieve stall conditions.  From the oscillations 
it can be seen that all wings exhibit oscillations of some description with reducing 
frequency with increasing moment of inertia.   
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 Figure 4.2 presents the maximum standard deviation achieved and the variation 
of the stall angle of the wing against the non-dimensionalised moment of inertia.  Non-
dimensionality was achieved using dimensional analysis: 
 
F = ma thus by similarity, T = Ixxd
2
Φ / dt
2
 (the equation of motion for a rolling wing) 
T ~ St
2 
 
Therefore d
2
Φ / dt
2
 = 0.5ρU∞
2
sbCL / Ixx 
St
2
 ~ ρU∞
2
cbCL / Ixx 
 
Now, to non-dimensionalise, use the above formula’s dimensions (St is non-
dimensional): 
 
 St depends on ρ   U∞    c  b   Ixx                        
Units              ML
-3 
      LT
-1
     L  L          ML
2 
      
 
From Buckingham’s Pi theorem, we have 5 variables with 3 dimensions, thus n ≥ 2 
dimensionless groups.  Remove variables by dimensional consistency and target ρ:
 
 
St depends on ρb
5
 c b         Ixx 
   Units    ML
2
     L          L        ML
2
 
 
 St depends on ρb
5
 / Ixx     b / c   
      Units             -                      -   
 
 
Thus St ~ ρb
5
 / Ixx and St ~ b / c. 
 
 It can be observed that the maximum standard deviation occurs for a non-
dimensional moment of inertia of about 0.17 (Fig. 4.2a)).  Increasing the moment of 
inertia (Ixx) can be seen to delay the stall angle in Fig. 4.2b), with the stall angle 
seemingly increasing with angle of attack continuously.  This is also evident from the 
standard deviation graphs on the left-hand side of Fig. 4.1.  Here there is evidence of the 
wing snapping to zero mean roll angle later with increasing angle of attack as the 
moment of inertia is increased (i.e. stall angle, looking down from Figs. 4.1a) to e)).   
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 The Strouhal number of the largest oscillations is presented against the non-
dimensional moment of inertia in normal and logarithmic cases.  Figure 4.3a) indicates 
that the Strouhal number decreases with increasing non-dimensional moment of inertia 
as expected due to the same tunnel velocity or driving force.  In Fig. 4.3b), this is 
confirmed with a virtually straight line suggesting direct proportionality, which goes 
along with the adopted formula for Strouhal number on the previous page.  This 
suggests a quadratic relationship, with the line shown in Fig. 4.3b) presenting non-
dimensional data. 
  
4.2 !on-slender delta wing roll oscillation behaviour 
 The left-hand side of Fig. 4.4 shows how the mean roll angle varied with angle 
of attack for non-slender delta wings with increasing sweep angle, with error bars 
showing the standard deviation of the roll angle time history shown on the right-hand 
side.  The first point to note is that the stalling of the wings was delayed with increasing 
sweep angle, and that all the wings experienced an increasing non-zero mean roll angle 
with increasing angle of attack nearly up to stall.  The trim angle for the 45
o
 wing at α = 
20
o
 was Φmean = 38
o
, which correlates well with the data for a sharp leading-edged 45
o
 
delta wing
50
.  For this wing, a trim angle of Φmean = 40
o
 was obtained, albeit at a slightly 
lower Reynolds number of 2.2 x 10
5
 in comparison to the 3.42 x 10
5
 used here.  
Secondly, it can be seen that as the sweep angle of the wing increases, there is a region 
of high standard deviation corresponding to self-excited roll oscillations.  As the angle 
of attack is increased, the oscillations die out just before the wing stalls and the mean 
roll angle snaps to zero.  The roll angle time histories (on the right-hand side) at the 
angle of attack of the highest standard deviation indicate that delta wings of sweep angle 
of less than 50
o
 did not demonstrate oscillatory behaviour.  However, for Λ = 50
o
, small 
oscillations were present.  These oscillations were much larger for the cases of 52.5
o
 and 
55
o
 sweep angle, as shown in Figs. 4.4d) and e).  The self-excited roll oscillations in 
these cases were of slightly varying amplitude, as previously seen
45
 for a wing with 
round leading-edge (the thick wing), and of a constant frequency.  Slender wing rock is 
known to exhibit constant amplitude
34
, again highlighting a difference.  
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   Comparing the current results that have been obtained in Table 4.1, it can be seen 
that a round leading-edge is not a necessity for free-to-roll oscillations to occur, as was 
previously thought
33
.  These oscillations do not exhibit characteristics akin to slender 
wing rock, and the combination of angles of attack and roll angles mean that at least one 
wing half is in a state of dynamic stall during the motion.  This can be seen in Table 4.1, 
which shows the effective sweep angles for either wing half, effective sideslip angle and 
effective angle of attack for wings of 50
o
, 52.5
o
, 55
o
 and 60
o
 sweep angles.  These 
calculations are at angles of attack where roll oscillations occur, and roll angles are near 
to the maximum and minimum roll angles of the motion.  It is expected for the more 
slender wing half to have a coherent vortex attached to the surface, while the other wing 
half is invariably non-slender with a high enough angle of attack to cause stall.  These 
vortices with the associated lifts, a time delay and movement of the reattachment point 
cause the motion, which will be explained in more detail in Chapters 4 and 5.   
 
4.3 Vortex topology  
 Figure 4.5 shows how the velocity field changed in a cross flow plane as the 
angle of attack was increased for the stationary 55
o
 sweep delta wing at x/c = 0.25, with 
the wing clamped at the equilibrium roll angle obtained from the free-to-roll time 
histories in Fig. 4.4e).  The corresponding streamline patterns and vorticity magnitudes 
are shown in Figs. 4.6 and 4.7.  At α = 21.25
o
 in (i), which is significantly before the 
self-excited oscillations, two high-velocity regions can be seen in Fig. 4.5 near to the 
wing surface corresponding to the reattachment points.  When the angle of attack was 
increased to 22.25
o
 in (ii), which is just before the self-excited roll oscillations begin, the 
leeward (right-hand side) reattachment point was seen to move inboard.  The increasing 
proximity of the shear layers may be what triggers these oscillations, in a similar manner 
to that thought to start slender wing rock
1
, though the data is insufficiently accurate to 
determine exact points.  At α = 23.75
o
 in (iii), which would correspond to where large 
oscillations would be observed in the free-to-roll case, the reattachment points and thus 
shear layers were seen to be very close together, with a possibility of interaction between 
them in Fig. 4.6 (iii).  At these first three points the windward (left-hand) vortex appears 
to be of a similar size, visible in Fig. 4.7.  Finally, at α = 23.75
o
 in (iv), which was just 
before the wing snapped to zero mean roll angle, the leeward shear layer was seen to be 
stalled and the windward vortex has weakened slightly (again, visible from Fig. 4.7).   
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 Figure 4.8 shows the time-averaged velocity fields and streamline patterns at x/c 
= 0.5, before (α = 21.25
o
) and after (α = 26
o
) the oscillations.  Again, the streamlines 
from both shear layers show that the reattachment points can be seen to be closer to one 
another at the higher angle of attack (also higher roll angle).  These were taken from the 
mean roll angle plots, so the angle of attack and roll angles are those which the wing 
would achieve in normal flight conditions.  It can be seen from the velocity field at α = 
26
o
 and ф = 38
o
 that at in (ii) the right-hand shear layer appears smaller than the other, 
and that the area of reattached flow is small too.  The streamlines confirm this; with a 
vortex being present near to the wing surface, though as the results are a lot of takes 
averaged, this vortex is likely to be small, though the data is of insufficient accuracy for 
measurements.  The streamlines in (ii) also confirm that the right-hand shear layer forms 
a vortex closer to the wing surface than that in part (i), which is to be expected at this 
higher roll angle.  It can be seen that in the case of (i), the windward shear layer is 
indeed further away from the wing surface too. 
 
 Now, moving on to look at the dynamic cases, it can be seen from Fig. 4.9 what 
is occurring in real images triggered by the oscillations of the wing itself.  As the PIV 
images will show, the area of reattached flow forming the leeward (bottom) shear layer 
is small at (ii) and (iii).  The area of reattached flow is seen to increase for (iv), which 
corresponds to Φmax, and is still large at Φmean with Φ decreasing in (i).  The time delay 
is highlighted here, with a lag in flow structures evident in (i) and (iii); though the roll 
angles and angles of attack are the same.  The movement of the wing leads to delays in 
the flow structure, which undoubtedly causes the roll oscillations. 
 
 In Figs. 4.10 - 4.13 dynamic PIV tests are presented at α = 23.75
o
 (corresponding 
to near maximum standard deviation in Fig. 4.4e)) at x/c = 0.25 and 0.5 respectively for 
the 55
o
 sweep delta wing.  It was desired to gain an understanding of how the flow 
structure over the whole wing changes as the wing undergoes self-excited roll 
oscillations.   
 
 Figures 4.10 and 4.12 show the velocity fields at the two stations and Figs. 4.11 
and 4.13 show the corresponding streamline layouts.  In each case a timing diagram is 
included to clarify where the images were taken.   Measurements near Φmax ((i) Φ = 47
o
) 
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and near Φmin ((iii) Φ = 23
o
) are shown, together with two more measurements at Φmean 
(Φ = 35
o
), one with roll angle increasing and the other with roll angle decreasing.  At (i) 
a large reattached region exists, with two distinct areas of high velocity in Figs. 4.10 and 
4.11 corresponding to the reattachment points visible.  A large portion of reattached flow 
is visible in Fig. 4.13, which presumably stabilises the wing from oscillating further.  
The windward vortex in Figs. 4.10 and 4.11 appears to be compact and the leeward 
vortical structure was closest to the wing surface, generating sufficient lift on the 
corresponding wing half to drive the motion in the opposite direction.   
 
 As the roll angle decreases to (ii), the reattachment points on the delta wing 
surface were seen to move closer to one another and closer still at (iii), most evident in 
Fig. 4.10.  This was where the wing was near the minimum roll angle.  There appears to 
be interaction between the shear layers at this point, with the windward vortex also 
appearing much larger and stronger, causing the restoring moment, perhaps because of 
the breakdown of the windward vortex.  As the roll angle again increases towards Φmax, 
at (iv), the leeward shear layer seems to be closer to the wing surface than at (iii) in Figs. 
4.10 and 4.12, though the leeward reattachment point does not seem to have an area of 
high velocity associated with it in this case.  Whether this is due to vortex breakdown, 
increased vortex strength because of increased effective angle of attack, or a 
combination of the two is not clear.  Referring back to equations (1) and (2) (Chapter 1), 
the effective angles at Φ = 47
o
 are Λeff = 72.8
o
 and αeff = 16.7
o
 for the windward wing 
half, which would mean vortex breakdown was expected to be beyond the trailing-edge 
in this case
11
 as shown in Fig. 1.3.  However, at Φ = 23
o
, the effective angles are Λeff = 
64.8
o
 and αeff = 22.0
o
, which, for the static case, would correspond to vortex breakdown 
being on the wing surface.  The leeward wing half is expected to have breakdown at the 
apex all the time.   
 
4.4 Possible mechanism of oscillations 
 The oscillations may be initiated by the increasing proximity of the shear layers 
and associated instabilities such as vortex wandering as the angle of attack is increased.  
At Φmin the shear layer reattachment points move close together and the subsequent 
motion is driven by the stronger windward vortex generating lift, which may be caused 
by the high value of αeff, causing an increase in roll angle.  As the roll angle increases, 
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the windward vortex becomes more compact, possibly caused by decreasing αeff and 
increasing Λeff.  This could be quantified with obtaining clearer, higher definition data 
and performing vorticity calculations.  Also, the reattachment points of both shear 
layers, which are hard to quantify, move further apart, and the leeward shear layer 
moves closer to the wing surface.  At Φmax the early reattachment of the leeward shear 
layer means the area of reattached flow is larger and this may damp the motion.  The 
presence of the leeward vortex close to the wing surface generates more lift than the 
compact windward vortex, evident from the data and changing effective angles 
(equations (1) and (2)), and this provides a restoring moment, which drives the wing in 
the other direction.  The reattachment points move closer together as the wing passes 
through the mean roll angle until the wing approaches Φmin when the sequence starts 
again.  The motion may be damped at Φmin by vortex breakdown.  Overall, the 
mechanism appears the same as for the thick wing, the mechanism of which was 
discussed in Chapter 3. 
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a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 
 
 
 
Figure 4.1 Graphs showing mean roll angle against angle of attack with standard 
deviation as error bars (left) and time histories of roll angle corresponding to maximum 
standard deviation (right, at α = 20.5
o
, 20.5
o
, 21.75
o
, 23.25
o
 and 22.5
o
 respectively)  for 
delta wings with increasing second moment of area made from a) carbon/foam sandwich 
panel, with t/c = 1.7%; b) carbon sheet, with t/c = 1%; c) carbon sheet, with t/c = 1.5%, 
d) aluminium, with t/c = 1.5% and e) steel, with t/c = 1%, all with Λ = 50
o
 and sharp 
leading-edges. 
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a)      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Graphs showing a) variation of maximum standard deviation and b) 
variation of stall angle with non-dimensional moment of inertia for delta wings with Λ = 
50
o
 and sharp leading-edges. 
 
 
 
a)      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Graphs showing a) variation of Strouhal number at maximum standard 
deviation against non-dimensional moment of inertia and b) variation of Strouhal 
number at maximum standard deviation against non-dimensional moment of inertia with 
natural logs taken for delta wings with Λ = 50
o
 and sharp leading-edges. 
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a) 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Graphs showing mean roll angle against angle of attack with standard 
deviation as error bars (left) and time histories of roll angle corresponding to maximum 
standard deviation (right, at α = 20.75
o
, 22
o
, 23.25
o
, 23.5
o
 and 23.25
o
 respectively) for 
delta wings with a) Λ = 40
o
; b) Λ = 45
o
; c) Λ = 50
o
 d) Λ = 52.5
o
 and e) Λ = 55
o
, all with 
sharp leading-edges and same thickness. 
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Λ / 
o 
α / 
o 
Φ / 
o 
Λeff, max / 
o
 Λeff. min / 
o
 αeff / 
o 
50 28 26 63.1 36.9 25.5 
50 28 54 73.3 26.7 17.3 
52.5 23.5 30 64.8 40.2 20.6 
52.5 23.5 48 70.4 34.6 16.2 
55 23.75 20 63.6 46.4 22.5 
55 23.75 52 74.1 35.9 15.2 
60 26.5 14 66.9 53.1 25.8 
60 26.5 38 77.1 42.9 21.4 
60 33 0 60 60 33 
60 33 10 66.4 53.6 32.6 
 
Table 4.1 Effective sweep angle and angle of attack calculated from equations (1) 
and (2) for delta wings of varying sweep angle. 
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(i)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Cross-flow time-averaged velocity fields for stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α=21.25° and Φ=32°; (ii) at α = 22.25° and Φ = 34°; 
(iii) at α = 23.75° and Φ = 37° and (iv) at α = 26° and Φ = 38°, for thin wing with Λ = 
55° at x/c = 0.25. 
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(i)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Cross-flow time-averaged streamline patterns for stationary delta wing, 
and graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 21.25
o
 and Φ = 32
o
; (ii) at α = 22.25
o
 and Φ = 
34
o
; (iii) at α = 23.75
o
 and Φ = 37
o
 and (iv) at α = 26
o
 and Φ = 38
o
 for wing with Λ = 55
o
 
and sharp leading-edges at x/c = 0.25. 
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(i)     (iii) 
 
 
 
 
 
 
 
 
 
 
(ii)    (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Cross-flow time-averaged vorticity patterns for stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 21.25
o
 and Φ = 32
o
; (ii) at α = 22.25
o
 and Φ = 
34
o
; (iii) at α = 23.75
o
 and Φ = 37
o
 and (iv) at α = 26
o
 and Φ = 38
o
 for wing with Λ = 55
o
 
and sharp leading-edges at x/c = 0.25. 
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(i)       (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Cross-flow time-averaged velocity fields (top) and streamline patterns 
(bottom) on stationary wing together with graph of mean roll angle with standard 
deviation as error bars against angle of attack corresponding to images, with (i) at α = 
21.25
o
 and Φ = 32
o
 and (ii) at α = 26
o
 and Φ = 38
o
 for delta wing with Λ = 55
o
 and sharp 
leading-edges at x/c = 0.5. 
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(i)              (iv)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)       ((    (iii)   
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Tuft visualisation of rolling delta wing at (i) Φmean with Φ decreasing; (ii) 
Φmin; (iii) Φmean with Φ increasing and (iv) Φmax for delta wing with Λ = 55
o
 and sharp 
leading-edges at α = 23.75
o
. 
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(i)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Phase-averaged velocity fields on rolling delta wing and timing diagram 
corresponding to images, with (i) at Φ = 47
o
; (ii) at Φ = 35
o
; (iii) at Φ = 23
o
 and (iv) at Φ 
= 35
o
 for wing with Λ = 55
o
 and sharp leading-edges at x/c = 0.25 and α = 23.75
o
. 
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(i)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Phase-averaged streamline patterns on rolling delta wing and timing 
diagram corresponding to images, with (i) at Φ = 47
o
; (ii) at Φ = 35
o
; (iii) at Φ = 23
o
 and 
(iv) at Φ = 35
o
 for wing with Λ = 55
o
 and sharp leading-edges at x/c = 0.25 and α = 
23.75
o
. 
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(i)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Phase-averaged velocity fields on rolling delta wing and timing diagram 
corresponding to images, with (i) at Φ = 47
o
; (ii) at Φ = 35
o
; (iii) at Φ = 23
o
 and (iv) at Φ 
= 35
o
 for wing with Λ = 55
o
 and sharp leading-edges at x/c = 0.5 and α = 23.75
o
. 
 
 
 
 95 
(i)      (iv) 
 
 
 
 
 
 
 
 
 
 
 
(ii)      (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 Phase-averaged streamline patterns on rolling delta wing and timing 
diagram corresponding to images, with (i) at Φ = 47
o
; (ii) at Φ = 35
o
; (iii) at Φ = 23
o
 and 
(iv) at Φ = 35
o
 for wing with Λ = 55
o
 and sharp leading-edges at x/c = 0.5 and α = 
23.75
o
. 
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Chapter 5  Slender Delta Wings 
The results for the 55
o
 delta wing are presented in Chapter 4 because, although 
slender wings are classed as Λ ≥ 55
o
, the sudden stalling characteristics led it to be 
classed as non-slender for this Thesis.   
5.1 Slender delta wing behaviour 
 The left-hand side of Fig. 5.1 shows how the mean roll angle varied with angle 
of attack for wings with sweep of 57.5
o
 and above, again with error bars showing the 
standard deviation of the roll time history.   
 
 It was found that the stalling of the wings was delayed with increasing sweep 
angle and that all the wings experienced an increasing non-zero mean roll angle with 
increasing angle of attack up to and just beyond the peak oscillations.  It can be observed 
that the mean roll angle reduced to zero much more gradually with increasing angle of 
attack than with the lower sweep angled wings (Chapter 4).  In Figs. 5.1a) and b), 
corresponding to delta wings with sweep of 57.5
o
 and 60
o
 respectively, a region with 
large self-excited oscillations can again be seen just before the mean roll angle started 
decreasing, suggesting they might be caused by the same mechanism as in the sudden 
stall/non-slender delta wing case.  These oscillations die away with increasing angle of 
attack, before an interesting second region of high standard deviation, after which the 
wing becomes fully stalled.  This second region will be discussed further later in this 
Chapter.  The mean roll angles of the 60
o
 and 65
o
 sweep wing at α = 30
o
 in this case 
were both 18
o
, while literature
24,30
 found slightly larger trim angles at the same angle of 
attack, with Φmean = 21
o
 for both sweep angles.  This may be due to different Reynolds 
numbers, or more likely different levels of friction in the free-to-roll devices as this was 
found to be important to the wing behaviour; slight friction could prevent roll 
oscillations.  Increasing the sweep angle further, as shown in Figs. 5.1c) and d) (Λ = 65
o
 
and 70
o
 respectively), led to the roll oscillations stopping and the maximum mean roll 
angle reducing.  The characteristics of the first region of oscillations for the 57.5
o
 and 
60
o
 delta wings were similar to the thick, 50
o
, 52.5
o
 and 55
o
 delta wings’ oscillations.  
Differing amplitude of the oscillations were observed and seen to die away with 
increasing sweep angle. 
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5.2 Effect of sweep angle  
 The variation of mean roll angle is plotted against sweep angle in Fig. 5.2a) and 
the standard deviation of roll angle has been plotted against sweep angle in Fig. 5.2b).  
The maximum mean roll angle of the wings was found for Λ = 50
o
 and was seen to 
reduce with Λ increasing or decreasing.  A peak standard deviation was seen for a wing 
of 57.5
o
 sweep angle, with again the maximum standard deviation reducing with 
increasing or decreasing sweep angle.  This is presumably the case with the best 
comparison between side-edge vortices strengths and reattachment on the wing surface, 
which is known to be unstable
45
.  Figure 5.3 shows how the Strouhal number of the 
wings with large oscillations varied with angle of attack.  Slight increases in St were 
seen with increasing angle of attack as is known to occur for slender wing rock
34
.  Note 
that the oscillations have St ~ O(10
-2
), thus these oscillations fall in the region of 
aerodynamic manoeuvres.    
 
5.3 First region of oscillations 
 Figures 5.4 - 5.6 show cross-flow velocity fields, streamline and vorticity 
patterns at x/c = 0.25 for the stationary 60
o
 sweep delta wing.  For (i), which is before 
the oscillations commence, the reattachment points of both shear layers were separated 
with two distinct areas of higher velocity close to the wing surface signifying these 
points in Fig. 5.4(i).  It is worth pointing out that in Fig. 5.5(ii), the leeward shear layer 
appears to be closer to the wing surface.  This will be returned to in other cases, but for 
now it is significant to note that this leeward shear layer is about to stall.  As the angle of 
attack was increased to 25.5
o
 in (ii), the reattachment points appeared to be very close 
(Fig. 5.6).  Finally, at (iii), which corresponds to the largest standard deviation, the 
leeward shear layer now appears to be stalled, with definite interaction between the 
shear layers, shown in Fig. 5.5.  This is slightly different to what was observed over the 
55
o
 sweep delta wing (Chapter 4) and can be attributed to the larger sweep angle.   
  
 Looking at the dynamic cases it can be seen from Fig. 5.7 what is occurring in 
images, triggered by the oscillations of the wing itself as in Fig. 4.9 (images captured for 
the moving wing).  As for the 55
o
 sweep delta wing, the area of reattached flow forming 
the leeward (bottom) shear layer is small at (ii) and (iii), with reversed flow visible at 
(iii) suggesting that the corresponding wing half is stalled.  The area of reattached flow 
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is seen to increase for (iv), which corresponds to Φmax, and is still large at Φmean with Φ 
increasing in (i).  This observation is similar to those for the 55
o
 sweep delta wing.  The 
time delay is again highlighted here, with different flow structures evident in (i) and (iii); 
though the roll angles and angle of attack are the same.  The movement of the wing 
leads to delays in the flow structure, which undoubtedly causes the oscillations in a 
similar manner to the 55
o
 sweep delta wing.  
  
 Figures 5.8 - 5.11 present the phase-averaged cross-flow velocity fields (similar 
to Chapter 4) for the 60
o
 sweep delta wing at x/c = 0.25 (Figs. 5.8 and 5.9) and x/c = 0.5 
(Figs. 5.10 and 5.11) and α = 26.5
o
.  Again, in Fig. 5.9, it is evident that the leeward 
shear layer is close to the wing surface at (iv) (α = 28
o
), which suggests the shear layer is 
about to stall.  This proximity of the shear layer to the wing surface is again evident in 
Fig. 5.11, though not as obvious in position (iv) as at x/c = 0.25.  At (i) in Figs. 5.8 and 
5.10, near the maximum roll angle, the reattachment points are separated, with distinct 
areas of high velocity showing the reattachment points of either shear layer.  It can also 
be seen from Figs. 5.8 - 5.11 that the windward vortex was compact in this case and the 
same theme of flow structure is carried on down the wing, with no significant 
differences.  As the roll angle decreased to the mean value in (ii), the leeward shear layer 
reattachment point is seen to move closer to the windward reattachment point.  It moves 
closer still at (iii), which is near the minimum roll angle achieved during the motion.  
However, at the mean roll angle with roll angle increasing, the leeward shear layer stalls 
(Fig. 5.8), suggesting that a time lag exists between the minimum roll angle and wing 
stall.  The wing recovers from this stall, and the leeward shear layer reattaches before 
point (v) and again a time lag exists, shown by a slightly different flow structure here to 
at point (i).   
 
 According to equations (1) and (2), for α = 26.5
o
 and Φ = 39
o
, Λeff = 77.4
o
 and αeff 
= 21.2
o
, which would place vortex breakdown beyond the trailing-edge, while at Φ = 17
o
, 
values of Λeff = 68.3
o
 and αeff  = 25.5
o
 would place vortex breakdown on the wing surface 
in the static case, which this may correspond to due to the low Strouhal number of these 
oscillations.  This appears to be the case in all the delta wings cases.  For the leeward 
wing half breakdown is expected to be at the apex and none on the other wing half from 
the effective angles calculated in Table 4.1.  This suggests that at the minimum roll 
angle for the 55
o
 sweep delta wing and the 60
o
 sweep delta wing vortex breakdown may 
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be on the wing surface and this may damp the motion, though no conclusions can be 
drawn without further experimental data. 
  
5.4 Possible mechanism of oscillations 
 Based on the evidence from this Chapter, the oscillations seem to be similar in 
mechanism to those in Chapter 4, regardless of the sweep angle.  To clarify, the 
oscillations may be initiated by the increasing proximity of the shear layers as the angle 
of attack is increased for the thick and 50
o
 to 60
o
 sweep delta wings.  Separation points 
are fixed for these sharp leading–edged wings.  In all cases as the roll angle increases 
through the mean roll angle there appears to be interaction between the windward and 
leeward shear layers, with the leeward wing half appearing to be stalled in Figs. 5.8 and 
5.10.  At Φmin the shear layer reattachment points move close together and the 
subsequent motion is driven by the stronger windward (or left-hand side in the cross-
flow plane) vortex generating lift.  This may be caused by the high value of αeff at this 
roll angle.  In all cases, a compact windward vortex is present near Φmax, while higher 
velocities associated with the windward vortex are present at Φmin.  As Φ increases, the 
windward vortex becomes more compact, possibly caused by decreasing αeff and 
increasing Λeff.  At Φmax the early reattachment of the right-hand shear layer indicates 
that the area of reattached flow is larger and this, together with the compact left-hand 
vortex, may damp the motion.  Vortex breakdown, which is known to damp slender wing 
rock, is present at Φmin though the effect of the time lag is not known in this case.  The 
presence of the leeward vortex close to the wing surface generates more lift than the 
compact windward vortex and provides a restoring moment, which drives the wing in 
the other direction.  The reattachment point of the leeward shear layer moves away from 
the reattachment point of the windward shear layer and the vortex also gets closer to the 
wing surface and hence has more of an effect.   The wing approaches Φmin and the 
sequence starts again.   
  
5.5 Different modes of oscillations 
 Upon closer scrutiny of the left-hand side of Fig. 5.1a) and b), a second region of 
high standard deviation is seen to exist at high angles of attack for the 57.5
o
 and 60
o
 
sweep delta wings.  This is different to the region suggested
9
, where a slender delta wing 
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of Λ = 85
o
 undergoes unsteadiness at high roll angles.  In the slender wing case, there is 
no regularity to the oscillations, while there is here.  Interestingly, Fig. 5.12 shows 
differing behaviour of the 57.5
o
 sweep delta wing, with it flipping between roll angles at 
angles of attack well below the expected stall condition.  As this was not seen for any of 
the other wings it was not investigated further, but as the literature for non-slender wings 
suggests, it does show the existence of other critical states
32
, this time for a slender delta 
wing. 
 
 Figure 5.13 shows the behaviour of the 57.5
o
 sweep delta wing through various 
angles of a attack in the second region of oscillations.  Initially, at α = 29
o
, large 
oscillations are seen for this planform, and are shown in the Figure on the left of Fig. 
5.1a).  Upon increasing the angle of attack, the oscillations are seen to make the wing 
flip between positive and negative states; the oscillations themselves presumably 
causing this.  This frequency of flipping between positive and negative states is seen to 
become more frequent with increasing angle of attack, as shown in Fig. 5.13c) 
 
 Figure 5.14a) shows a roll angle time history of the 60
o
 sweep delta wing in this 
region at α = 33
o
 in a similar manner to those for the 57.5
o
 sweep delta wing (Fig. 5.13).  
Self-excited oscillations are seen to develop, again about a non-zero mean roll angle 
with a low Strouhal number of 0.031.  When the angle of attack was increased to 35
o
 
(Fig. 5.14b)), the wing is seen to flip occasionally between two mirror images of mean 
roll angle.  This flipping between states is what causes the peak in the standard 
deviation, though the oscillations alone at α = 33
o
 have a reasonably high standard 
deviation of around 4
o
, which is why PIV tests were performed at this angle of attack.  
This flipping increased in frequency as the angle of attack was increased further (Fig. 
5.1b)) and the mirror image mean roll angles become closer to zero until the wing was 
fully stalled. 
  
 Now, looking at the increase of angle of attack shown in Fig. 5.15 for the 60
o
 
sweep wing, it can be seen that, perhaps surprisingly, the leeward (right-hand) shear 
layer is seen to be stalled at (i) and (ii), while there seems to be vortices in (iii) and (iv).  
This is confirmed in Fig. 5.16, with vortical structures evident at (iii) and (iv), but not at 
the other two angles of attack.  Based on previous work, these two points (α = 33.5
o
 in 
(iii) and α = 34.75
o
 in (iv)) are just before the shear layer stalls, which fits with the 
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explanations.  Basically put, when the oscillations are occurring, the shear layers are 
separate, while they meet when stable and at different effective angles.  The oscillations 
themselves do have some similarities to non-slender delta wing roll oscillations as they 
occur about a non-zero roll angle and the windward (left-hand) shear layer does not 
appear to move.  The vorticity shown in Fig. 5.17 confirms the lack of interaction 
between the shear layers at (iii) and (iv). 
 
 If one looks at the near-surface PIV measurements for the 60
o
 sweep delta wing 
for an unstable roll angle (left-hand side of Fig. 5.18), and a stable roll angle (right-hand 
side of Fig. 5.18), it can be seen that in the unstable case there are two separated vortices 
present.  However, for the stable case, it can be seen how the lower shear layer has 
stalled completely with reversed flow evident and a vortex is only present on the upper 
wing-half.  The right-hand velocity plot shows a 3D vortex and the core can be seen.  
Similarities can be drawn to the data in Chapter 4 here, as the reattachment of the 
separated vortices appears unstable. 
 
 Now, going on to look at the oscillations themselves in this region, video 
evidence can be seen in Fig. 5.19.  Stalled, reversed flow is again evident in all cases, 
but it can be seen that at Φmin (in position (ii)) there are two vortices present, as the PIV 
data in Fig. 5.21 suggests, while at Φmax (in position (iv)) the lower wing-half is stalled 
as reversed flow is evident.  The attachment process again drives the motion rather than 
for usual slender delta wing rock, when the side-edge vortices are seen to move the wing 
as in Fig. 1.10.  
 
 Figures 5.20 - 5.23 show the phase-locked velocity fields and streamline patterns 
near Φmean at (i) and (iii), Φmin at  (ii) and Φmax at (iv).  At (i) and (iv) it can be seen from 
Fig. 5.20 that there is interaction between the reattachment points of the vortices near 
Φmean with Φ increasing and Φmax.  Another point to note from the velocity plots in Fig. 
5.20 and 5.22 is the comparative size of the windward vortices.  To get an idea of the air 
flow over the wing surface, it is worth considering the movement of the leeward shear 
layers in Fig. 5.21.  At position (ii), the leeward vortex appears close the wing surface so 
just about to stall, while at (iii) normal airflow has been resumed.  It is much larger near 
Φmin, shown in Fig. 5.22, suggesting possible vortex breakdown, though further work 
needs to be done to confirm this.  The streamlines in Fig. 5.23 show the interaction 
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between the shear layers near Φmax and x/c = 0.5, and also the formation of a leeward 
vortex at x/c = 0.5.  Again, the proximity of the leeward shear layer to the wing surface 
is highlighted as evidence of a wing half about to stall fully.  Near Φmin, the presence of 
vortices on both wing halves at both stations is seen, as is the area of reattachment.  It is 
also interesting to note that the leeward vortex is further from the wing surface at x/c = 
0.5 for Φmin than at Φmax.  It is worth noting that the changing of reattachment location in 
this region of oscillations seems to be out of phase with the first region.  There appears 
to be reattachment at Φmin and stalled leeward flow at Φmax, while in the first region of 
oscillations, the larger area of reattached flow was evident at Φmax and stalled leeward 
flow was found at Φmin.   
 
 For the case of the 60
o
 sweep delta wing around the second standard deviation 
peak, the data in Fig. 5.20 suggests that at Φmin (Φ = 0
o
) both windward and leeward 
shear layers form large vortical structures, with a distinct area of reattached flow, shown 
in Fig. 5.21.  There is an asymmetry in strength of the vortices with the windward vortex 
being slightly stronger because of a time lag, and this creates more lift on the 
corresponding wing half, causing the wing to rotate.  The formation of a leeward vortical 
structure close to the wing surface, as shown in Fig. 5.23 at x/c = 0.5, creates the lift on 
the corresponding wing half, with the value being greater than the lift created by the 
compact windward vortex.   
 
 In summary, the streamlines (Fig. 5.21) confirm the interaction between the 
shear layers near Φmax at (iv) and x/c = 0.25 and also the formation of a leeward vortex 
at x/c = 0.5 in Fig. 5.23, which highlights the wing not being stalled.  Near Φmin the 
presence of vortices on both wing halves at both maximum and minimum stations is 
confirmed, as is the area of reattachment.  It is also interesting to note that the leeward 
vortex is further from the wing surface at x/c = 0.5 for Φmin than at Φmax.  There appears 
to be reattachment at Φmin, evident from Fig. 5.19, and stalled leeward flow at Φmax, 
while in the first region of oscillations, the larger area of reattached flow was evident at 
Φmax and stalled leeward flow was found at Φmin.  The evidence suggests that the whole 
wing stalls at Φmax, which makes the wing rotate to its stalled position at Φmin = 0
o
, 
where the vortices re-form.  This is shown in Fig. 5.19 (ii).  A slight time lag means 
again the wing rotates until it is fully stalled again, at position (iv) (Φmax), though this 
suggests that the attaching of the shear layer is opposite to what has been seen at early 
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angles of attack, so conclusions of this motion are difficult to draw.  Going on to look at 
αeff and Λeff, the results are shown in Table 4.1 and by using Fig. 1.3, it can be seen that 
at α = 0
o
, vortex breakdown is beyond the trailing-edge due to the high αeff
.
.  However at 
α = 10
o
, Λeff = 66.4
o
, which means that vortex breakdown is expected on the wing 
surface, towards the trailing-edge at αeff = 32.6
o
.  Perhaps this leads to the instability 
necessary to drive the motion.   
 
 The data is plotted in Fig. 5.24 to show the contours of a) mean and b) standard 
deviation of roll angle at different angles of attack and sweep angles for the pure delta 
wings.  Dashed lines are also drawn showing how the stall angle and vortex breakdown 
position change
45
.  From Fig. 5.24a) it can be seen that a region of higher mean roll 
angle (darker contours) exists where the roll oscillations happen.  For slender delta wing 
rock the mean roll angles would be zero.  The mean roll angle increases slightly before 
the wing stalls.    
 
5.6 Free-to-roll behaviour – cropped delta wings 
 It is worth noting that these cropped wings are considered slender because of 
their relatively high root chord.  Figure 5.25a) shows how the mean roll angle, with 
standard deviation of roll angles as error bars, varies with angle of attack, as previously 
seen for other wings in Fig. 4.4.  From Fig. 5.25a), it can be seen that the 40
o
 sweep 
cropped delta wing (wing 22 in Table 2.1) does not oscillate in roll, as is to be expected 
from the non-slender delta wing data in Fig. 4.4a).  Figure 5.25b) shows the free-to-roll 
time history of this wing and there are no free-to-roll oscillations whatsoever, even at 
this highest standard deviation achieved (just before stall, known to be unsteady).  The 
mean roll angles were generally less than for the pure delta wing, as will be seen for the 
55
o
 sweep delta wing.  Hence cropping the delta wing, despite having the same span, 
does not make the wing perform any more insignificantly apart from stalling slightly 
earlier. 
 
 Figures 5.26 – 5.31 present data for various cropped delta wings all with the 
same span (wings 19 – 21 in Table 2.1).  It can be seen from Fig. 5.26 that increasing the 
cropped proportion of the wing leads to the maximum mean roll angle reducing as well 
as more gradual stalling characteristics.  The oscillations present for the pure delta wing 
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in Fig.5.26a) are larger in amplitude and occur at higher angle of attack than for the 
wing in Fig. 5.26b) and these oscillations are not present for the other two cropped 
wings (Figs. 5.26c) and d)).  It appears that the cropped section can prevent the wing 
attaining the necessary mean roll angle to initiate oscillations, with the wings in c) and 
d) not going to a mean roll angles above 5
o
.  
 
 Figure 5.27 confirms what is shown by the mean roll angles plots in Fig. 5.26, 
with oscillations not present in Fig. 5.27c) and d) but present for the delta and shorter 
cropped wing in Figs. 5.27a) and b); all wings at the highest standard deviation achieved 
in the free-to-roll tests.  The effect of cropping on the oscillations can be seen from Fig. 
5.27a) and b), with even a small cropped section leading to fewer, and increasing the 
cropped length further means no oscillations.  Interestingly the mean roll angle is seen to 
decrease for each case, creating stability. 
 
 Moving on to look at the cause of the oscillations in a stationary cross-flow 
plane, Fig. 5.28 shows the cross-flow velocity fields in two planes for the delta wing 
with Λ = 55
o
.  The trim angle being non-zero is why one plane at an angle across the 
wing; this plane was chosen because it was the maximum chordwise distance which still 
covered the wing extent i.e. it went through the corner of the wing and did not take in 
the trailing-edge.  Circulations calculations on the 55
o
 sweep wing at α = 20
o 
and Φ = 0
o
 
suggest that the circulation is similar on both wing halves, with the left-hand vortex 
having Γ/cU∞ = -0.60, while the right hand vortex shows Γ/cU∞ = 0.61.  This similarity 
shows there is instability of the shear layer attachment present to cause the non-zero roll 
angles, shown in Fig. 4.4e).  From Fig. 5.28, it can be seen that the trim angle is 
probably caused by the large leeward and compact windward vortices.  The lift from 
both wing halves must be the same, thus the compact vortex must be strong, and the 
leeward vortex is large to cope with the low velocities associated with it (inducing 
weakness).  At the same angle of attack, α = 20
o
, data was obtained for the stationary 
cropped wing, the time history of which is shown in Fig. 5.27c) at the maximum 
standard deviation and shown in Fig. 5.29.  This was found to be a trim angle despite the 
similarities in the flow structure to the Λ = 55
o
 pure delta wing (data shown in Fig. 5.28 
at the trailing-edge) at x/c = 39.5 %.  This must mean that the rear portion of the wing 
now provides this stability, presumably due to the cropped section, as the front portion 
of the cropped delta wing showed similarities in the flow to the pure delta wing.   
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 From Figs. 5.29b), it can be seen that the vortices are now far from the wing 
surface and diffuse (thus have less of an effect) and must damp the wings’ roll 
movement, which is accentuated by increasing the cropped portion.  This leads to fewer 
free-to-roll oscillations as in Fig. 5.27c).  Circulation calculations at x/c = 0.395 %, α = 
20
o 
and Φ = 0
o
 reveal that Γ/cU∞ = -0.51 on the left-hand side and Γ/cU∞ = 0.59 on the 
right-hand side, shown in Fig. 5.26c).  At the trailing-edge, circulation calculations of 
Γ/cU∞ = -0.50 and 0.59 suggest that this rear portion of the wing does not add vortical 
lift, merely keeps what exists.  The circulations are dissimilar on both wing halves, 
suggesting the non-zero roll trim angle present.   
 
 To compare the results, time-averaged PIV measurement were taken of the 
slender, stable 70
o
 sweep delta wing and these are shown in Fig. 5.30 together with two 
other wings of 55
o
 sweep.  Again, circulation calculations at α = 20
o 
and Φ = 0
o
 show 
Γ/cU∞ = -0.43 for the left-hand side, and Γ/cU∞ = 0.41 for the right-hand side, 
suggesting a trim angle of near zero, and shown in Fig. 5.1d).  The streamlines 
themselves in Fig. 5.30c) do not really show it, but in Fig. 5.30a) it can be seen that the 
vortices interact with one another and the velocities over the wing surface are much 
higher than in the other cases, proven by the fact that in Fig. 5.30b) the vortices are very 
compact and strong.  If one compares this Figure to Fig. 5.28, it can be seen that the 
velocities are much more significant and Fig. 5.31 shows that reattached flow is not 
present on the wing surface, but is in the other two cases.  Figure 5.31b) confirms that 
despite the reattached flow at the start of the wing, the rear portion must damp the 
motion in the same way as Fig. 5.31c).  
 
 
 
 
 
 
 
 
 
 
 106 
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Graphs showing (left) mean roll angle against angle of attack with 
standard deviation as error bars and (right) time histories of roll angle corresponding to 
maximum standard deviation (at α = 25
o
, 26.5
o
, 28
o
 and 29.75
o
 respectively) for delta 
wings with a) Λ = 57.5
o
; b) Λ = 60
o
, c) Λ = 65
o
 and d) Λ = 70
o
, all with sharp leading-
edges. 
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a)      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Results for delta wings with sharp leading-edges showing a) mean roll 
angle at maximum standard deviation against sweep angle and b) maximum standard 
deviation against sweep angle for wings with large free-to-roll oscillations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Results for delta wings with sharp leading-edges showing Strouhal 
number against angle of attack for wings with large free-to-roll oscillations. 
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(i)      (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Cross-flow time-averaged velocity fields on stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 23.5
o
 and Φ = 23
o
; (ii) at α = 25.5
o
 and Φ = 29
o
 
and (iii) at α = 26.5
o
 and Φ = 31
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 
0.25. 
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(i)      (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Cross-flow time-averaged streamline patterns on stationary wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 23.5
o
 and Φ = 23
o
; (ii) at α = 25.5
o
 and Φ = 29
o
 
and (iii) at α = 26.5
o
 and Φ = 31
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 
0.25. 
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(i)      (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Cross-flow vorticity patterns on stationary delta wing and graph of mean 
roll angle with standard deviation as error bars against angle of attack corresponding to 
images, with (i) at α = 23.5
o
 and Φ = 23
o
; (ii) at α = 25.5
o
 and Φ = 29
o
 and (iii) at α = 
26.5
o
 and Φ = 31
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 0.25. 
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(i)        (iv)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)        (iii)   
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Tuft visualisation of rolling delta wing at (i) Φmean with Φ decreasing; (ii) 
Φmin; (iii) Φmean with Φ increasing and (iv) Φmax for delta wing with Λ = 60
o
 and sharp 
leading-edges at α = 26.5
o
. 
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(i)      (v) 
 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
    
 
      
 
 
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Cross-flow phase-averaged velocity fields on rolling delta wing and 
timing diagram corresponding to images, with (i) at Φ = 39
o
; (ii) at Φ = 28
o
; (iii) at Φ = 
17
o
; (iv) at Φ = 28
o
 and (v) at Φ = 39
o
 for wing with Λ = 60
o 
and sharp leading-edges at 
x/c = 0.25 and α = 26.5
o
. 
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(i)      (v) 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
    
 
      
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Cross-flow phase-averaged streamline patterns on rolling delta winga and 
timing diagram corresponding to images, with (i) at Φ = 39
o
; (ii) at Φ = 28
o
; (iii) at Φ = 
17
o
; (iv) at Φ = 28
o
 and (v) at Φ = 39
o
 for wing with Λ = 60
o 
and sharp leading-edges at 
x/c = 0.25 and α = 26.5
o
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(i)      (v) 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
    
 
      
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Cross-flow phase-averaged velocity fields on rolling delta wing and 
timing diagram corresponding to images, with (i) at Φ = 39
o
; (ii) at Φ = 28
o
; (iii) at Φ = 
17
o
; (iv) at Φ = 28
o
 and (v) at Φ = 39
o
 for wing with Λ = 60
o 
and sharp leading-edges at 
x/c = 0.5 and α = 26.5
o
. 
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(i)      (v) 
 
 
 
 
 
 
 
(ii)      (iv) 
 
 
 
 
 
 
 
    
 
      
(iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 Cross-flow phase-averaged streamline patterns on rolling delta wing and 
timing diagram corresponding to images, with (i) at Φ = 39
o
; (ii) at Φ = 28
o
; (iii) at Φ = 
17
o
; (iv) at Φ = 28
o
 and (v) at Φ = 39
o
 for wing with Λ = 60
o
 and sharp leading-edges at 
x/c = 0.5 and α = 26.5
o
. 
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Figure 5.12 Graph showing time history of roll angle at α = 23
o
 for delta wing with Λ 
= 57.5
o
 and sharp leading-edges. 
 
 
a) 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 Graphs showing time histories of roll angle at a) α = 29
o
; b) α = 29.5
o
 and 
c) α = 30
o
 for delta wing with Λ = 57.5
o
 and sharp leading-edges. 
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a) 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 Graphs showing time histories of roll angle at a) α = 33
o
 and b) α = 35
o
 
for delta wing with Λ = 60
o
 and sharp leading-edges. 
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(i)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15 Cross-flow time-averaged velocity fields on stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 30
o
 and Φ = 18
o
 ; (ii) at α = 32
o
 and  Φ = 12
o
 ; 
(iii) at α = 33.5
o
 and  Φ = 6
o
 and (iv) at α = 34.75
o
 and Φ = 2
o
 for wing with Λ = 60
o
 and 
sharp leading-edges at x/c = 0.25. 
 119 
(i)       (iii) 
 
 
 
 
 
 
 
 
 
(ii)       (iv)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16 Cross-flow time-averaged streamlines on a stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 30
o
 and Φ = 18
o
 ; (ii) at α = 32
o
 and  Φ = 12
o
 ; 
(iii) at α = 33.5
o
 and  Φ = 6
o
 and (iv) at α = 34.75
o
 and Φ = 2
o
 for wing with Λ = 60
o
 and 
sharp leading-edges at x/c = 0.25. 
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(i)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 Cross-flow time-averaged vorticity patterns on stationary delta wing and 
graph of mean roll angle with standard deviation as error bars against angle of attack 
corresponding to images, with (i) at α = 30
o
 and Φ = 18
o
 ; (ii) at α = 32
o
 and  Φ = 12
o
 ; 
(iii) at α = 33.5
o
 and  Φ = 6
o
 and (iv) at α = 34.75
o
 and Φ = 2
o
 for wing with Λ = 60
o
 and 
sharp leading-edges at x/c = 0.25. 
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a)        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18 Near-surface PIV measurements, showing a) velocity field and b) 
streamline pattern for Φ = 0
o
 (left) and Φ = 12
o
 (right) at α = 33°, for delta wing with 
sharp leading-edges and Λ = 60
o
. 
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(i)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19 Tuft visualisation of rolling delta wing at (i) Φmean with Φ decreasing; (ii) 
Φmin; (iii) Φmean with Φ increasing and (iv) Φmax for wing with Λ = 60
o
 and sharp 
leading-edges at α = 33
o
. 
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(i)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20 Cross-flow phase-averaged velocity fields on rolling delta wing and 
timing diagram corresponding to images, with (i) at Φ = 6
o
; (ii) at Φ = 0
o
; (iii) at Φ = 6
o
 
and (iv) at Φ = 12
o
 for wing with Λ = 60
o
 and sharp leading-edges at
 
x/c = 0.25
 
and α = 
33
o
. 
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(i)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.21 Cross-flow phase-averaged streamlines on rolling delta wing and timing 
diagram corresponding to images, with (i) at Φ = 6
o
; (ii) at Φ = 0
o
; (iii) at Φ = 6
o
 and (iv) 
at Φ = 12
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 0.25 and α = 33
o
. 
 
 
 125 
(i)       (iv) 
 
 
 
 
 
 
 
 
 
 
(ii)       (iii)    
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22 Cross-flow phase-averaged velocity fields on rolling delta wing showing 
timing diagram corresponding to images, with (i) at Φ = 6
o
; (ii) at Φ = 0
o
; (iii) at Φ = 6
o
 
and (iv) at Φ = 12
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 0.5 and α = 
33
o
. 
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(i)       (iv) 
 
 
 
 
 
 
 
 
 
(ii)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 Cross-flow phase-averaged streamlines on rolling delta wing and timing 
diagram corresponding to images, with (i) at Φ = 6
o
; (ii) at Φ = 0
o
; (iii) at Φ = 6
o
 and (iv) 
at Φ = 12
o
 for wing with Λ = 60
o
 and sharp leading-edges at x/c = 0.5 and α = 33
o
. 
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Figure 5.24 Graphs of angle of attack against delta wing sweep angle showing 
contours of a) mean roll angle and b) standard deviation of free-to-roll wings, together 
with stall and vortex breakdown locations for different sweep angles. 
 
 
 
 
 
 
 
 
 
 
a)      b) 
 
Figure 5.25 Graphs showing a) mean roll angle against angle of attack with standard 
deviation as error bars and b) free-to-roll time history at α = 19
o
 for a cropped delta wing 
Λ = 40
o
, which schematic shown. 
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a)   
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
Figure 5.26 Graphs showing mean roll angle against angle of attack with standard 
deviation as error bars and schematics of each wing (right) for a) simple delta wing and 
b) - d) cropped delta wings with different cropped section lengths, all with Λ = 55
o
 and 
sharp leading-edges. 
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a)   
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
 
Figure 5.27 Graphs showing time histories of roll angle corresponding to maximum 
standard deviation (left, at α = 23.25
o
, 22.75
o
, 26
o
 and 26
o
 respectively) and schematics 
of each wing (right) for a) simple delta wing and b) - d) cropped delta wings with 
different cropped section lengths, all with Λ = 55
o
 and sharp leading-edges. 
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a)       b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.28 Cross-flow time-averaged velocity fields, vorticity and streamline 
patterns for stationary delta wing at a) Φ = 33
o
 (stable) and b) Φ = 0
o 
(unstable – will not 
stay at this roll angle in free-to-roll case) cases at x/c = 0.84 and α = 20
o
 for wing with Λ 
= 55
o
 and sharp leading-edge together with schematic of laser sheet locations (top). 
 
 
 
Position of laser sheet for b) 
Position of laser sheet for a) 
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a)       b) 
          
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.29 Cross-flow time-averaged velocity fields, vorticity and streamline 
patterns for stationary wing a) x/c = 39.5% and b) trailing edge, at α = 20
o
 and Φ = 0
o
 for 
cropped delta wing with Λ = 55
o
 and sharp leading-edge, together with schematic of 
laser sheet locations (top). 
 
 
 
 
 
 
 
 
Position of laser sheet for b) 
Position of laser sheet for a) 
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a)           
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
Figure 5.30 Cross-flow time-averaged velocity field, vorticity and streamline patterns 
for stationary delta wing at trailing-edge, at α = 20
o
 and Φ = 0
o
 for wing with Λ = 70
o
 
and sharp leading-edge. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.31 Near-surface time-averaged streamline patterns with vortex trajectory at α 
= 20
o
 and Φ = 0
o
 for delta wings with sharp leading-edges and a) Λ = 55
o
; b) Λ = 55
o
 
with cropped section and c) Λ = 70
o
. 
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Chapter 6  Effect of Pitching Manoeuvre 
 Transient pitching tests were performed on different wings using the free-to-roll 
sting shown in Fig. 2.3, and the roll angle was logged at a sampling rate of 250 Hz to 
determine what might happen to a MAV with non-slender delta wing planform during a 
gust encounter or manoeuvre.  This gust response is serious because it would 
theoretically affect the actual flight path of the aircraft in question.  The range of 
reduced frequency, designated k, was between 0.06 and 0.22, which again is quite low. 
 
6.1 Thick wing with round leading-edges 
 Figure 6.1a) shows the pitching range for the thick wing (wing number 1 in 
Table 2.1) as it pitches from an angle of attack where there are no roll oscillations (α = 
20
o
)  to one where self-excited roll oscillations are experienced (α = 27
o
).  The variation 
of angle of attack with time and the free-to-roll response is shown in Fig. 6.1b).  This 
type of Figure is used for each case in this Chapter.  A significant delay can be seen 
when the wing has finished pitching to increased angle of attack before the oscillations 
start building up; this is caused by the insensitivity of the round leading-edge to angle of 
attack.  It is observed with the angle of attack both increasing and decreasing, but the 
time delay is greater with the angle of attack increasing.    
 
 If the wing is pitching from a flight condition to a stall condition the delay is still 
present, albeit smaller.  On pitching into a stall condition as in Fig. 6.2b)(i), the wing is 
slower than it should be to stall, while coming out of the stall condition in (ii) it is slow 
too, having to achieve a lower angle of attack to get back to normal flight conditions.  In 
this flight regime, especially Fig. 6.2b)(ii), oscillations can be seen to die down rapidly.  
The current observations suggest that, due to the round leading-edge of this planform, 
there is a delay and also insensitivity of the wing response to pitching manoeuvres. 
 
 Figure 6.3 shows the response of the wing to pitching from angles of attack of 
roll oscillations to stall.  Going into stall (Fig. 6.3b)(i)), an angle of attack of α ~ 35
o 
needs to be achieved before normality is resumed, this angle being slightly higher than 
expected from the error bars in the plot from the full free-to-roll case in Fig. 6.3a).  
There is more of a delay coming out of the stall condition with the wing needing to 
achieve α ~ 29
o 
(shown in Fig. 6.3b)(ii)) before the wing oscillates.  The oscillations do 
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seem to build up rapidly though and the period while the wing settles into or out of an 
oscillatory mode is only small - a couple of oscillations in magnitude. 
 
 Finally for the thick wing, tests were attempted pitching the wing from a 
condition after the oscillations and before the stall, to a condition with the wing stalled.  
The results are shown in Fig. 6.4 and show a significant time delay.  In Fig. 6.4b)(i), it 
can be seen that the wing responds rapidly to the angle of attack going into stall, after 
some initial oscillations while the wing settles.  However, if the same pitching is tried 
with the wing going from α = 36
o
 to α = 33
o
 in part (ii), there is no response from the 
wing, highlighting the delay for this planform shape, and presumably the round leading-
edges.  Thus if an aircraft with this planform were trying to pull out of a stall condition, 
it would have to reduce the angle of attack further than expected first. 
 
6.2 50
o
 sweep angle delta wing with sharp leading-edges 
 Figures 6.5 to 6.7 show the results of a 50
o
 sweep angle delta wing with sharp 
leading-edges (wing number 4 in Table 2.1) going between various conditions.  This is 
the same as the wing in Fig. 6.1 and is wing number 4 in Table 2.1, though with sharp 
leading-edges instead of round, different wing weight and exactly the same dimensions 
(apart from thickness).   The moments of inertia about the roll axis (Ixx) are different too, 
again shown in Table 2.1, though this was thought to affect the frequency of the 
oscillations, rather than whether the oscillations occurred or not.  
 
 Three different regions were tested for this wing.  The first, shown in Fig. 6.5, 
was from normal flight conditions to stall.  As expected, the wing responded rapidly, 
with again a few oscillations on reaching its target angle of attack while the wing settled, 
shown in Figs. 6.5b)(i) and 6.5b)(ii).  These oscillations are presumably down to the 
moment of inertia of the wing about the roll axis taking it beyond the expected flight 
condition.  Thus the wing rapidly settled into a slightly different condition once the 
oscillations have died off.  Again, in Fig. 6.5b)(ii), the wing is slightly slower to respond 
when one considers the angles of attack that needs to be achieved before the oscillations 
begin as expected.  It requires an angle of attack of α ~ 22
o
 to come out of stall, which is 
slightly lower than expected. 
 136 
 Upon pitching from a normal flight regime into a region with oscillations, Fig. 
6.6b)(i) shows the slow response of the wing.  Upon stalling, Fig. 6.6b)(ii) shows the 
wing rapidly stalling, with no roll oscillations evident this time.  This is presumably 
because the low roll angle change does not allow the wing to build up its dynamic 
moment of inertia about the roll axis, so momentum in a rolling motion is minimal. 
 
 Finally for this wing, if the plane were going from an angle of attack with roll 
oscillations to a stall condition as in Fig. 6.7a), Fig. 6.7b)(i) shows a rapid response of 
the wing upon stalling.  There are also some oscillations due to the moment of inertia 
about the roll axis as previously seen, but these soon die away.  Coming out of the stall 
condition is, however, slower, but still much more rapid than for the thick wing with the 
same shape, bar the leading-edges and slightly different weight (shown in Table 2.1).  
This highlights the insensitivity of the thick, round leading-edge.   
 
6.3 55
o
 sweep angle delta wing with sharp leading-edges 
 Figures 6.8 – 6.10 show the transient performance of the 55
o
 sweep delta wing 
with sharp leading-edges (wing number 6 in Table 2.1) pitching between similar 
conditions as in Figs. 6.1 - 6.3.  In this case the response of the wing is rapid, with 
oscillations building up quickly. 
 
 Figure 6.8 presents the response of the wing going from a normal flight condition 
(albeit at a high angle of attack) to an oscillatory angle of attack.  The delays of the wing 
roll oscillations in this case, Figs. 6.8b)(i) and (ii), are very small, with oscillations 
building up or down according to the angle of attack.  There is a slight time delay for the 
oscillations to build up, though this is again thought to be due to the wing having a finite 
weight and moment of inertia about the roll axis.  
 
 Figure 6.9 shows the same wing going from a normal flight regime to a stall 
condition, presumably because of a gust due to the aircraft being MAVs.  Upon going 
from a stall condition to a normal flight mode in Fig. 6.9b)(ii), the response is slightly 
slower than expected, and again we have oscillations which die out rapidly due to the 
finite wing weight.  Response of the wing, however, is good due to the sharp leading-
edges and delays are short in time.  
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 Finally, Fig. 6.10 shows the response of the 55
o
 wing moving from a region 
where it is stalled to a region of oscillations.  Again, the response of the wing is rapid, 
with the oscillations building up with little time delay, thus of consequence for a MAV 
with such planform pulling out of a stall condition such as in Fig. 6.10b)(ii).  This 
continues to insinuate that the sharp-edge makes the wing much more responsive, with 
minimal delays. 
 
 In summary, the thick wing does not come out of its stall position upon a small 
reduction in angle of attack.  This is shown in Fig. 6.4b)(ii) and is due to the insensitivity 
to angle of attack of the round leading-edge and thicker wing being used, allowing the 
separation point to move.  The wings always have a time delay coming out of the stall 
position, shown in Figs. 6.2, 6.5, 6.7 and 6.10 in part (ii).  This will affect the wing 
performance in flight when manoeuvring or because of a gust.  However, Fig. 6.9b)ii) 
shows that movement over the oscillations at a fairly slow rate does not allow the 
oscillations to build up, which is good from an aircraft designer’s point of view. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)   (i)     (ii) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1  a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 10 % and round 
leading-edge going from (i) α0 = 20
o
 to α1 = 27
o
 and (ii) α0 = 27
o
 to α1 = 20
o
 at constant 
rate.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)   (i)     (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 10 % and round 
leading-edge going from (i) α0 = 20
o
 to α1 = 36
o
 and (ii) α0 = 36
o
 to α1 = 20
o
 at constant 
rate.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)   (i)     (ii) 
 
 
 
 
 
 
 
Figure XXXX    a) Mean roll angle plot showing pitching range and b) transient 
performance of wing with Λ = 50
o
, t/c = 10% and round leading  edge going from (i) α0 
= 27
o
 to α1 = 36
o
 and (ii) α0 = 36
o
 to α1 = 27
o
 at constant rate.  
 
 
 
 
 
 
 
 
 
 
Figure 6.3 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 10 % and round 
leading-edge going from (i) α0 = 27
o
 to α1 = 36
o
 and (ii) α0 = 36
o
 to α1 = 27
o
 at constant 
rate.  
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b)   (i)    (ii)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 10 % and round 
leading-edge going from (i) α0 = 33
o
 to α1 = 36
o
 and (ii) α0 = 36
o
 to α1 = 33
o
 at constant 
rate.  
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b)   (i)    (ii)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 1.5 % and sharp 
leading-edge going from (i) α0 = 20
o
 to α1 = 27
o
 and (ii) α0 = 27
o
 to α1 = 20
o
 at constant 
rate.  
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b)   (i)    (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 1.5 % and sharp 
leading-edge going from (i) α0 = 20
o
 to α1 = 22.5
o
 and (ii) α0 = 22.5
o
 to α1 = 20
o
 at 
constant rate.  
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b)   (i)    (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 50
o
, t/c = 1.5 % and sharp 
leading-edge going from (i) α0 = 22.5
o
 to α1 = 27
o
 and (ii) α0 = 27
o
 to α1 = 22.5
o
 at 
constant rate.  
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Figure 6.8 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 55
o
, t/c = 1.25 % and sharp 
leading-edge going from (i) α0 = 20
o
 to α1 = 23
o
 and (ii) α0 = 23
o
 to α1 = 20
o
 at constant 
rate.  
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b)   (i)    (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 55
o
, t/c = 1.25 % and sharp 
leading-edge going from (i) α0 = 20
o
 to α1 = 30
o
 and (ii) α0 = 30
o
 to α1 = 20
o
 at constant 
rate.  
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b)   (i)    (ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.10 a) Mean roll angle plot showing pitching range together with error bars 
from a static (with regards to angle of attack) experiment showing standard deviation of 
oscillations and b) transient performance of wing with Λ = 55
o
, t/c = 1.25 % and sharp 
leading-edge going from (i) α0 = 23
o
 to α1 = 30
o
 and (ii) α0 = 30
o
 to α1 = 23
o
 at constant 
rate.  
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Chapter 7  Other Planform Shapes 
 Investigations were performed to look at the free-to-roll behaviour of other, more 
common non-delta planforms. 
7.1 Free-to-roll behaviour of rectangular wings 
 Figure 7.1a) shows a summary of the behaviour of the rectangular wing with 
aspect ratio AR = 2 and round edges at a Reynolds number of Re = 1.14 x 10
5
.  In 
addition, mean positive peak and mean negative peak values are given as the roll 
oscillations often exhibit some amplitude modulation.  At low angles of attack, up to α = 
10
o
, the mean roll angle is seen to be non-zero.  This suggests asymmetry in the flow 
structure, which will be discussed later on in this Chapter.  The lift measurements of 
Torres and Mueller
4
 give the stall angle as αClmax = 18
o
 for a similar flat wing at a similar 
Reynolds number. This stall angle is significantly higher than where self-excited roll 
oscillations are first observed.  As it will be shown later, complete flow separation 
without any reattachment takes place around α = 12°, even though the lift may continue 
to increase for larger incidences, due to the increasing strength of the tip vortices.  It is 
interesting that the onset of the roll oscillations coincides with the full separation from 
the wing at α = 12°, as will be shown in the coming Figures.   
 
 As the angle of attack is increased in Fig. 7.1a), the amplitude of the oscillations 
is seen to increase, with the absolute maximum and minimum roll angles achieved 
during the 90 s also increasing.  Maximum or minimum roll angle eventually reaches 
90
o
, after which the wing exhibits intermittent or continuous autorotation, dependent on 
the angle of attack α.  Figure 7.1b) shows a wing undergoing self-excited roll 
oscillations, and a free-to-roll time history at the maximum angle of attack that the wing 
achieved without autorotation.  The oscillations can be seen to be periodic and of large 
amplitude with a slightly non-zero mean roll angle in this case, which we will come 
back to in the discussion of the PIV data.  The wing is at an angle of attack of α = 21° in 
the post-stall regime (this was confirmed with tuft visualisation, but not shown here).  
The data presented here is the first documented case of a wing of such aspect ratio 
exhibiting these oscillations.  No free-to-roll experiments on wings with larger aspect 
ratios, such as AR = 2 or 4, have been reported in the literature, hence the discovery of 
oscillations for this wing, and also for AR = 4, is interesting and unexpected. 
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 Figures 7.2 and 7.3 show similar data to Fig. 7.1, but at Re = 2.28 x 10
5
 and Re = 
3.42 x 10
5
 respectively.  In all these cases (including those to be mentioned), non-zero 
mean roll angles at low angles of attack were seen, all of a similar magnitude to Re = 
1.14 x 10
5
.  It can be seen that the oscillations build up more rapidly as Reynolds 
number is increased, with autorotation starting earlier for larger Reynolds number (at α 
= 21.25
o
 for 1.14 x 10
5
, α = 15.75
o
 for Re = 2.28 x 10
5
 and α = 15.25
o
 for Re = 3.42 x 
10
5
).  The free-to-roll time histories show that the mechanism for the autorotation 
starting is the same in all cases, beginning when the maximum or minimum roll angle 
surpasses the 90
o
 roll angle threshold. 
 
 Flow patterns over the stationary wing at zero roll angle were investigated using 
near-surface PIV measurements at various angles of attack for the wing with round 
edges at Re = 1.14 x 10
5
.  The results are shown in Fig. 7.4, which reveal the formation 
of a separation bubble at low angles of attack.  This type of separation bubble is referred 
to as a long bubble because of it increasing in length with angle of attack
64
.  Rectangular 
wings of relatively low aspect ratio have a very three-dimensional flow structure due to 
the effect of the tip vortices, and significant variations in the bubbles due to the tip 
vortices.  At α = 5
o
 in both Figs. 7.4 and 7.5 the leading-edge separation bubble is not 
formed along the entire leading-edge and is not symmetrically located, thus different 
amounts of attached flow on each wing half are present, generating different loading.  
This explains the non-zero roll trim angle if the wing is set free-to-roll.  As the angle of 
attack is increased, this asymmetry on the stationary wing disappears and the separation 
bubble is seen to grow; this corresponds to the mean roll angle becoming closer to zero 
in Fig. 7.1a) for the free-to-roll wing.  At around α = 12
o
, there is little evidence of the 
separation bubble as the reattachment has passed the trailing-edge.  The roll oscillations 
begin for the free-to-roll wing at this angle of attack.  For α > 6
o
, the swirling flow 
structures on each wing half near the tip regions can be observed.  These foci are an 
outcome of three-dimensional separation caused by the interaction between the side-
edge vortices and stalled flow within the separation bubble
70,71
.  As the separation 
bubble becomes larger, this interaction becomes greater due to the increasing proximity 
of the separation bubble to the side-edges.  The swirling flow structures are seen to 
move downstream with increasing angle of attack, until they pass the trailing-edge 
between α = 25
o
 and α = 35
o
, which was where the autorotation ceased.   
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 In order to investigate why the wings trimmed to non-zero roll angles, near-
surface PIV measurements were performed at the trim angle (Φ = 14.4
o
) for the wing 
with round edges at Re = 1.14 x 10
5
 and α = 5
o
.  This data, and the data for Φ = 0
o
 at the 
same angle of attack from Fig. 7.4, are shown in Fig. 7.5 for comparative purposes.  It 
can be seen that at the trim angle, the leading-edge separation bubble extends over a 
much larger portion of the span, and it is more symmetrical, which confirms why the 
wing is trimmed at this roll angle.  For the zero roll angle case the leading-edge 
separation bubble is not symmetrically formed, which might be due to small, non-visible 
manufacturing imperfections for the round leading-edge and free-stream non-uniformity. 
 
 The above data suggest that, despite having a low thickness-to-chord ratio, the 
round leading-edge does not fix the separation point, which is of importance for 
practical purposes.  To investigate the effect of leading-edge separation, a sharp-edged 
version of the same wing was fabricated and the free-to-roll results presented in Fig. 7.6.  
The effects of Reynolds number and sharp edges for the rectangular wings with AR = 2 
are not significantly different to Fig. 7.1.  From Fig. 7.6, it can be seen that at low angles 
of attack, the tendency of the wing to find non-zero trim angles is significantly reduced, 
thus highlighting the sensitivity of the separation bubble to any imperfections in the 
leading-edge.  Figure 7.7 shows the corresponding near-surface streamlines at α = 5
o
 and 
Φ = 0
o
, and it can be seen that with a fixed separation line, the separation bubble extends 
over a larger portion of the wing span than for the round leading-edge and appears more 
symmetrically located.  This stabilises the wing and causes the roll trim angle to remain 
near zero.  Also, at higher angles of attack, the autorotation is seen to begin slightly 
earlier than for the round leading-edge.  
 
 Results for all the rectangular wings are summarised in Fig. 7.8, which shows the 
variation of Strouhal number, fc/U∞, where U∞ is the free-stream velocity and f is the 
frequency of the roll oscillations.  Here, the data for the rectangular wing with AR = 4 
were also included for comparison with the results for the rectangular wing which had 
AR = 2 and round edges.  These show that the oscillations become larger with increasing 
Reynolds number.  It is noted that all the Strouhal numbers are low, of the order of 10
-2
, 
which are similar to those expected for MAVs encountering typical atmospheric gusts.  
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In all cases the Strouhal number is seen to decrease with angle of attack.  This is 
contrary to what was seen
63,65,67
 for self-induced roll oscillations of low aspect ratio 
rectangular wings where the reduced frequency either remained the same or increased.  
It is also different to the increase seen for slender wing rock
34
.  The rectangular wing 
with AR = 4 shows the lowest Strouhal number of oscillations, presumably because of 
its higher moment of inertia about the roll axis. 
 
 Figure 7.9a) shows the free-to-roll behaviour of the rectangular wing with AR = 
4 and again a non-zero roll trim angle was observed at low angles of attack.  The build-
up of the oscillations can be seen in Figs. 7.9b) - d), increasing in amplitude with angle 
of attack until autorotation began at α = 16.25
o
.  In a similar fashion to Fig. 7.4, a 
progression of near-surface streamlines for the stationary wing at Φ = 0
o
 for different 
angles of attack are shown in Fig. 7.10.  Initially, at α = 3
o
, the separation bubble can be 
seen to be asymmetric, which explains the non-zero roll trim angle for the free-to-roll 
wing and is thought to be due to the round side-edges.  This bubble spreads across the 
extent of the wing with increasing angle of attack as the reattachment line moves 
downstream.  Again the oscillations were seen to begin once the bubble had left the 
trailing-edge and the side-edge vortices had increased in strength sufficiently.  For all 
the rectangular wings, whether of AR = 2 or AR = 4, the distance between the side-edge 
vortices was large.  This is shown that there is a lack of interaction between the tip 
vortices, as demonstrated in Figs. 7.11 and 7.12 for the AR = 2 wing case and regardless 
of the edge geometry.   
 
7.2 Possible mechanism of rectangular wing oscillations 
 Now, to look at the actual mechanism of oscillations and the movement in a 
cross-flow plane of the side-edge vortices, it is necessary to look at the cross-flow PIV 
measurements during the oscillations on the rectangular wing with AR = 2 and round 
edges at Re = 1.14 x 10
5
 and α = 15
o
.  Figures 7.11 and 7.12 show the phase-averaged 
cross-flow velocity and how the position of the vortices varies for: a) a stationary wing; 
b) the wing rolling in an anticlockwise direction and c) the wing rolling in a clockwise 
direction.  From these data, it can be seen that the lift is driven by a small, compact 
vortex near the wing surface, while the opposing vortex is further from the wing surface 
(consequently having less of an effect) and also of smaller magnitude.  Going on to look 
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at the effect of the vortices on one other, Fig. 7.12 shows the well defined separation of 
the side-edge vortices, so the effect on one another is expected to be negligible, unlike 
for slender wing rock.  Thus it is confirmed that it must be a delay of some sort driving 
the motion, as in non-slender delta wing rock in the previous Chapters. 
 
   The mean roll angle is slightly larger than zero in this case.  Figure 7.13a) 
shows the static case (at a slightly non-zero mean roll angle of φ = 3°), and the salient 
feature to note is the symmetry of the flow structure, with each side-edge vortex being of 
similar size.  The non-dimensional circulation in the stationary case, Γ/U∞ c of the left 
hand vortex is −0.20, while that of the right hand vortex is 0.23, the difference being due 
to the slightly non-zero mean roll angle (all circulation data from Fig. 7.12). This 
symmetry is lost in the dynamic case of Fig. 7.13 at the same roll angle.  When the wing 
rolls in the clockwise direction (bottom of Fig. 7.13), the tip vortex is stronger on the 
left-hand side (Γ/U∞ c = −0.23), which is larger than in the static case and also closer to 
the wing surface than the one on the right-hand side of the wing (Γ/U∞ c = 0.19, smaller 
than in the static case).  When the wing reaches the maximum roll angle (φ = 36°), the 
right-hand vortex is strong (Γ/U∞ c = 0.32), and has been seen to move inboard, while 
the left-hand vortex is small and weak (Γ/U∞ c = −0.08).  The stronger vortex on the 
right-hand side provides the restoring moment.  As the wing rolls in the opposite 
(anticlockwise) direction, at the mean roll angle of φ = 3° (centre of Fig. 7.13), there is 
an asymmetry in the vortical flow, with the right hand vortex in this case providing the 
driving motion; the non-dimensional circulations are -0.16 for the left-hand vortex, 
smaller than in the static case and 0.24 for the right-hand vortex, which is slightly larger 
than in the static case.   
 
  For the case of Φ increasing at the mean roll angle, the right-hand vortex is now 
stronger (Γ/U∞c = 0.24) and closer to the wing surface than the left-hand vortex (Γ/U∞c 
= -0.16, Fig. 7.14 and 7.15); this theme is continued at the trailing-edge (Fig. 7.16), with 
the right-hand vortex having Γ/U∞c = 0.41 and the left-hand vortex Γ/U∞c = -0.31.  This 
asymmetry in vortex strength provides the necessary rolling moment for the roll 
oscillations.  In a similar fashion, for Φ decreasing at the mean roll angle, the motion is 
driven by the strong left-hand vortex (with Γ/U∞c = -0.23 in Fig. 7.14 and Γ/U∞c = -0.42 
at the trailing-edge in Fig. 7.16) and weak right-hand vortex (Γ/U∞c = 0.19 at x/c = 0.5 
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and Γ/U∞c = 0.35 at the trailing-edge).  In all dynamic cases, the stronger vortex above 
the wing is stronger than the corresponding stationary case and the less strong vortex is 
weaker than in the stationary case.  For all dynamic cases, the vortices do not vary their 
position significantly in the spanwise direction, but do in the normal direction.  The 
hysteresis shown in Figure 7.14 also indicates a time lag in the development of the 
vortices.  The delay in the vertical vortex position is responsible for driving the wing 
rock of slender delta wings
22
.  The left-hand vortex reaches its maximum strength not at 
the largest roll angle, but at the mean roll angle (Φ decreasing).  Hence, the phase lag is 
at least 90
o
. 
 
 Before moving on, Fig. 7.15 shows the phase-averaged non-dimensional 
standard deviation of the velocity present over the wing surface at half-chord in a cross-
flow plane.  From this, it is evident that when compared to other wings, the wing is fully 
stalled.  However, in Fig. 7.12 it can be seen that the motion is driven by the side-edge 
vortices.  Perhaps the stalling is what enables the motion to take place, as the side edge 
vortices now have more of an effect on the whole wing, without the damping nature of 
attached flow.  
 
 Moving on to look at the roll oscillations as a whole, Figs. 7.14 and 7.16 show 
the cross-flow velocity at the mean roll angles and near the maximum and minimum roll 
angles achieved during the motion, at half-chord and at the trailing-edge respectively.  
At (i) the strong right-hand vortex drives the motion, while at (ii) the left-hand vortex 
has increased in strength (Γ/U∞c = -0.11 at x/c = 0.5 and Γ/U∞c = -0.39 at the trailing-
edge) relative to the right-hand one (Γ/U∞c = 0.10 at x/c = 0.5 and Γ/U∞c = 0.18 at the 
trailing-edge).  The left-hand vortex core is also seen to move inboard and while one 
might expect this to reduce the moment arm of this vortex; this is more than 
compensated for by the increase in strength of the vortex.  This left-hand vortex now 
drives the motion back through the mean roll angle at (iii) and to the minimum roll angle 
(iv).  At this point, the right hand vortex is much stronger (Γ/U∞c = 0.32 at x/c = 0.5 and 
Γ/U∞c = 0.35 at the trailing-edge) than the left-hand vortex (Γ/U∞c = -0.08 at x/c = 0.5 
and Γ/U∞c = -0.22 at the trailing-edge), which provides the restoring moment for the 
wing. 
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 The different flow structures that are possible at the same roll angle demonstrate 
the hysteresis and time-lag effects that are present in the flow.  These observations are 
similar to the hysteresis and time lag of the position of the vortices over slender delta 
wings during wing rock motion.  In all these cases, it can be seen that there is no 
interaction between the side-edge vortices, showing that wing rock is not necessarily 
confined to slender delta wings only, and hence explaining Chapters 3 and 4.  The 
vortices at the trailing-edge are stronger than at half-chord, which is to be expected due 
to the continuous feeding of vorticity into the vortex from the side edge along the chord, 
with the left vortex having Γ/U∞c = -0.41 and the right vortex Γ/U∞c = 0.41. 
 
7.3 Free-to-roll behaviour – Zimmerman and elliptical 
 The elliptical and Zimmerman wings, the results of which are shown in Figs. 
7.17 - 7.22, demonstrate previously unseen roll oscillations, shown by the increasing 
standard deviation with angle of attack in Fig. 7.17, though the oscillations were much 
smaller in amplitude than those for the delta and rectangular wings.  The elliptical wing 
exhibited oscillations over a large range of angle of attack, starting at α = 10° - 11° as 
shown on the right-hand side of Fig. 7.17.  Figure 7.18 shows the same data, but plotted 
in a different format.  This highlights all the above points including a significant non-
zero roll trim angle at low angles of attack (below about α = 10
o
) and also the difference 
between the mean and the maximum roll angles during the motion.  This difference 
highlights the fact that the oscillations are not of constant amplitude.   
 
 The Zimmerman planform exhibited oscillations, though of smaller amplitude 
and with significant amplitude modulation, shown on the left-hand side of Fig. 7.19.  
Figure 7.19b) shows a time history taken at the angle of attack with maximum amplitude 
(α = 19.5° for the elliptical wing), and the oscillations can be seen to be large and 
periodic, and more so in Fig. 7.19c).  The stall angle for this wing is expected to be 
αClmax = 16
o
, based on previous work
4
.  This has implications
1,61
 for the gust and 
manoeuvre response of MAVs employing these popular planform shapes.  Looking at 
the actual Strouhal number of the oscillations of the elliptical wing that occur (they were 
generally greater in magnitude than the Zimmerman roll oscillations), it can be seen in 
Fig. 7.20 that they increase with angle of attack, albeit at a slightly lower Strouhal 
number for the higher velocity in Fig. 7.20b), with increased Reynolds number over the 
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wing.  The Strouhal number is seen to increase for the Zimmerman and elliptical wings 
in Fig. 7.21, at Re = 4.35 x 10
4
 and 3.42 x 10
4
 respectively.  The difference in Re is due 
to the different chord lengths of these wings.  This wings’ stall angle is expected to be 
αClmax ≤ 13
o
 based on work previously performed
4,72
; hence the largest roll oscillations 
occur in the post-stall region. 
 
 Looking at Fig. 7.22a) it can be seen that the oscillations of the Zimmerman and 
elliptical wing planforms are much smaller than for the rectangular planforms.  This 
range of angles of attack was chosen because with further increase, autorotation was 
experienced for the AR = 4 rectangular wing.  Figure 7.22b) shows how the Strouhal 
number of the oscillations of these two wings varies with angle of attack.  In both cases 
the Strouhal number increases with angle of attack, more in line with what one expects 
from wing rock of slender delta wings, and the elliptical wing is seen to oscillate with a 
lower Strouhal number at a given angle of attack.  Interestingly, this plot shows that the 
rectangular wings reduce in St against α, so this other mechanism of wing rock is 
different in behaviour to non-slender wing rock.   
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a)           
 
 
 
 
 
 
b) 
 
 
 
 
Figure 7.1 Graphs of a) mean roll angle variation with angle of attack and b) free-to-
roll time history at α = 21
o
 for a rectangular wing with round edges and AR = 2 at Re = 
1.14 x 10
5
. 
 
a)           
 
 
 
 
 
 
b) 
 
 
 
 
 
 
Figure 7.2 Graphs of a) mean roll angle variation with angle of attack and b) free-to-
roll time history at α = 15.5
o
 for a rectangular wing with round edges and AR = 2 at Re = 
2.28 x 10
5
. 
 
a)           
 
 
 
 
 
 
b) 
 
 
 
 
 
Figure 7.3 Graphs of a) mean roll angle variation with angle of attack and b) free-to-
roll time history at α = 15
o
 for a rectangular wing with round edges and AR = 2 at Re = 
3.42 x 10
5
. 
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a) α = 5
o     
f) α = 15
o 
 
 
 
 
 
 
 
 
b) α = 6
o     
g) α = 20
o
 
 
 
 
 
 
 
 
 
c) α = 7
o     
h) α = 25
o 
 
 
 
 
 
 
 
 
d) α = 10
o     
i) α = 35
o
 
 
 
 
 
 
 
 
 
e) α = 12
o 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Near-surface time-averaged streamline patterns for a stationary 
rectangular wing with round edges and AR = 2 at Re = 1.14 x 10
5
 at Φ = 0
o
 and a) α = 
5
o
; b) α = 6
o
; c) α = 7
o
 d) α = 10
o
; e) α = 12
o
; f) α = 15
o
; g) α = 20
o
; h) α = 25
o
 and i) α = 
35
o
. 
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a)      b) 
 
 
 
 
 
 
 
 
Figure 7.5 Near-surface time-averaged streamline patterns for a stationary 
rectangular wing with round edges and AR = 2 at Re = 1.14 x 10
5
 and a) Φ = 14.4
o
 and 
b) Φ = 0
o
, both at α = 5
o
. 
 
a)    
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
Figure 7.6 Graphs of a) mean roll angle variation with angle of attack and b) free-to-
roll time history at α = 17.5
o
 for a rectangular wing with sharp edges and AR = 2 at Re = 
1.14 x 10
5
. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Near-surface time-averaged streamline patterns for a stationary 
rectangular wing with sharp edges and AR = 2 at Re = 1.14 x 10
5
, Φ = 0
o
 and α = 5
o
. 
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Figure 7.8 Strouhal number of oscillations as a function of angle of attack for 
rectangular wings. 
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b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
Figure 7.9 Graphs of a) mean roll angle variation with angle of attack and free-to-
roll time histories at b) α = 13
o
; c) α = 15
o
 and d) α = 16
o
 for a rectangular wing with 
round edges and AR = 4 at Re = 1.14 x 10
5
. 
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a) α = 3
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b) α = 5
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c) α = 6
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d)  α = 7
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e) α = 8
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f) α = 10
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Figure 7.10 Near-surface time-averaged streamlines for a stationary rectangular wing 
with round edges and AR = 4 at Re = 1.14 x 10
5
, Φ = 0
o 
and a) α = 3
o
; b) α = 5
o
; c) α = 
6
o
; d) α = 7
o
; e) α = 8
o
 and f) α = 10
o
. 
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a) Static 
 
 
        
 
 
 
 
 
 
 
 
 
 
b) Φ increasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Φ decreasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.11 Cross-flow velocity fields at Re = 1.14 x 10
5
 for a rectangular wing with 
AR = 2 and round edges at x/c = 0.5 (top in each case) and at the trailing-edge (bottom 
in each case) for a) stationary wing (time-averaged); b) Φ increasing (phase-averaged) 
and c) Φ decreasing (phase-averaged) at α = 15° and Φ = 3
o
. 
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a) Static 
 
 
        
 
 
 
 
 
 
 
 
 
 
b) Φ increasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Φ decreasing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.12 Cross-flow vorticity fields at Re = 1.14 x 10
5
 for a rectangular wing with 
AR = 2 and round edges at x/c = 0.5 (top in each case) and at the trailing-edge (bottom 
in each case) for a) stationary wing (time-averaged); b) Φ increasing (phase-averaged) 
and c) Φ decreasing (phase-averaged) at α = 15° and Φ = 3
o
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Static 
 
 
 
 
 
 
 
 
 
 
(i)   Φ increasing  
 
 
 
 
 
 
 
 
 
 
(ii)   Φ decreasing  
 
 
 
 
 
 
 
 
 
Figure 7.13 Near-surface PIV measurements at Re = 1.14 x 10
5
 for a rectangular wing 
with AR = 2 and round edges, showing time-averaged velocity fields (left) and 
streamline patterns (right) for the stationary case, (i) Φ increasing and (ii) Φ decreasing 
at α = 15
o
 and Φ = 3
o
. The inset shows the roll angle at which measurements are taken 
for the rolling wing. 
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(i)       (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)       (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.14 Cross-flow phase-averaged velocity fields at Re = 1.14 x 10
5
 for (i) at Φ 
= 3
o
; (ii) at Φ = 42
o
; (iii) at Φ = 3
o
 and (iv) at Φ = -36
o
 for rectangular wing with AR = 2 
and round edges at x/c = 0.5 and α = 15
o
. The inset shows the roll angle at which 
measurements are taken for the rolling wing. 
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(i)        (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)        (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.15 Cross-flow phase-averaged turbulence fields at Re = 1.14 x 10
5
 for (i) at 
Φ = 3
o
; (ii) at Φ = 42
o
; (iii) at Φ = 3
o
 and (iv) at Φ = -36
o
 for rectangular wing with AR = 
2 and round edges at
 
x/c = 0.5
 
and α = 15
o
. The inset shows the roll angle at which 
measurements are taken for the rolling wing. 
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(i)        (iv) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii)        (iii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.16 Cross-flow phase-averaged velocity fields at Re = 1.14 x 10
5
 for (i) at Φ 
= 3
o
; (ii) at Φ = 42
o
; (iii) at Φ = 3
o
 and (iv) at Φ = -36
o
 for rectangular wing with AR = 2 
and round edges at x/c = 1.0 and α = 15
o
. The inset shows the roll angle at which 
measurements are taken for the rolling wing. 
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a) 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
Figure 7.17 Graphs showing mean roll angle against angle of attack with standard 
deviation as error bars at a) U∞ = 10ms
-1
; b) U∞ = 20ms
-1
 and c) U∞ = 30ms
-1
 together 
with schematic of planform shapes (top) for Zimmerman (left) and Elliptical (right) 
wings with round leading-edges. 
 
a)      b) 
 
 
 
 
 
 
 
 
Figure 7.18 Graphs of mean roll angle variation with angle of attack for a) an 
elliptical wing at Re = 3.42 x 10
5
 and b) a Zimmerman wing at Re = 4.35x10
5
 both with 
round edges. 
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a) 
  
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.19 Graphs showing time histories of roll angle corresponding to maximum 
standard deviation at a) U∞ = 10 ms
-1
; b) U∞ = 20 ms
-1 
and c) U∞ = 30 ms
-1
 together with 
schematic of planform shapes (top) for Zimmerman (left, α = 21
o
, 22.25
o
 and 21
o
 
respectively) and Elliptical (right, α = 23
o
, 19.5
o
 and 21.25
o
 respectively) wings with 
round edges. 
 
 
 
 
 169 
 
 
 
 
      
a)      b) 
 
Figure 7.20 Graphs showing Strouhal number against angle of attack for which large 
oscillations occur for a) U∞ = 20ms
-1
 and b) U∞ = 30ms
-1
 together with schematic of 
planform shape (top) for Elliptical wing with round edges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.21 Strouhal number of oscillations as a function of angle of attack for 
Zimmerman and elliptical wings. 
 
a)       b) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.22 Variation of a) standard deviation and b) Strouhal number with angle of 
attack. 
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Chapter 8  Conclusions 
 Work was initially performed on the free-to-roll behaviour of non-slender delta 
wings with sweep angles of 50
o
 and different leading-edges.  It was found for the first 
time that a wing with this sweep angle and sharp leading-edges exhibited non-zero roll 
trim angles and free-to-roll oscillations contrary to previous belief.  These oscillations 
were small in magnitude, but continuous and could affect aircraft with this planform 
during manoeuvres and gust response of an MAV because of the non-zero mean roll 
angle and low Strouhal number of the rolling motion.   
 
 Delta wing planforms with sweep angles between 50
o
 and 60
o
 exhibited the same 
mechanism of free-to-roll oscillations.  This was proved by cross-flow and near-surface 
PIV measurements as well as tuft visualisation once the free-to-roll behaviour had been 
recorded with varying angles of attack.  These oscillations were caused by the unsteady 
reattachment of the shear layers on the wing surface rather than the leading-edge 
separation (which is not fixed on rounded ellipse) as was previously thought.  The 
windward vortex was the same size in each case and is not thought to play a significant 
role.  Hysteresis and time-lag effects are similar to those of slender delta wing rock.  
Due to lack of free-to-roll experiments, these oscillations have never previously been 
seen. 
 
 The region of oscillation is limited at the upper bound at high sweep angle due to 
lack of reattachment and at the lower bound at low sweep angle due to the larger portion 
of stabilising attached flow.  The largest oscillations for a non-slender delta wing were 
found for a 55
o
 sweep delta wing and this was found to be the upper limiting sweep 
angle with sudden stall.  With larger sweep angle the wing settles to zero mean roll angle 
much more gradually upon stalling.  Normally, a sweep angle of 55
o
 is taken as the limit 
between slender and non-slender delta wings and the results here follow that logic.  As 
the roll angle increases, the windward vortex increases in strength, caused by the 
increase in effective angle of attack.  In all cases, as the roll angle increases through the 
mean, there appears to be interaction between the windward and leeward shear layers.  
The windward vortex then becomes more compact, caused by decreasing effective angle 
of attack and increasing effective sweep angle.  At the mean roll angle, due to the time 
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lag in the strength of the vortices a net rolling moment in the direction of the rolling 
motion is generated.   
 
 A second region of angles of attack with continuous free-to-roll oscillations was 
found for the more slender (sweep 57.5
o
 and 60
o
) delta wings, but not for the higher or 
lower sweep angles.  Within this region, at higher angles of attack, the leeward shear 
layer is stalled at the maximum roll angle, but reattached flow is present at the 
minimum.  Hence these oscillations appear to be out of phase with the first region.  In 
this case, it is suggested that asymmetry in vortex strength caused by a time lag provides 
the driving force for these roll oscillations.  Stalling seems to play a part in the motion 
and this can be attributed to the reattachment lines moving to the centreline with 
increasing sweep angle.   
 
 Effect of pitching manoeuvres on the free-to-roll delta wings was investigated 
and a delay was always present, especially for the 50
o
 sweep round leading-edge non-
slender delta wing, which did not come out of stall.  Sharp leading-edges were more 
responsive than round leading-edges.   
   
 Non-zero roll trim angles were found and PIV tests were performed on cropped 
delta wings with 55
o
 leading-edge sweep angle and the same span.  It was found that the 
greater the cropped portion, the smaller the roll oscillations.  Circulation calculations 
showed similar values on both wing halves.  Experiments were also performed on 
rectangular wings with varying aspect ratio and it was found that previously unseen free-
to-roll oscillations of large amplitude were in existence for wings of aspect ratio AR ≥ 2.  
Due to the relatively high aspect ratios, no interaction between the vortices from each 
side-edge occurs.  Non-zero roll trim angles were found for round edges but not sharp 
edges due to the fixed separation point.  These oscillations were large enough to cause 
autorotation upon increased angle of attack.  Once the reattachment of the leading-edge 
separated bubble failed, the onset of large amplitude roll oscillations was observed, 
though this angle of attack was smaller than the definition of the stall angle.  Low 
aspect-ratio rectangular wings were found to have very three-dimensional flow 
characteristics.  With increasing angle of attack or sharp leading-edges, the separation 
bubble becomes more symmetric and this results in near zero roll trim roll angles for the 
free-to-roll wing.  For the wings with round leading-edge, the trim angle can be much 
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larger than zero at low angles of attack.  The separation bubble on a similar (AR = 2) 
wing with sharp leading-edges is more symmetric, resulting in nearly zero roll trim 
angles.   
 
 The mechanism for the self-induced roll oscillations is again caused by a time lag 
in the flow response and relies heavily on the side-edge vortices being present and of 
sufficient strength.  Oscillations were smaller for the aspect ratio AR = 4 wing tested.  
The roll oscillations depend on the proximity of the side-edge vortices to the wing 
surface, as the low-pressure core generates sufficient lift to drive the wing during roll 
oscillations.  The amplitude of the oscillations strongly depends on the planform shape, 
with rectangular wings exhibiting large oscillations.  Cross-flow PIV velocity 
measurements and circulation calculations revealed that variations in the strength of the 
vortices drive the rolling motion.  Tests were also carried out on an elliptical and a 
Zimmerman planform, and oscillations were again seen though of much less 
significance.   
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Possible Future Work 
 Tests of the same Reynolds numbers could be performed for all wings by 
varying the chord length or wind tunnel velocity appropriately to give exact comparative 
results.  The fixed free-to-roll device bearing friction, however, means an air bearing or 
suchlike should be used. 
 
 Larger sweep-angled delta wing or indeed other types (such as ogee) could be 
tried on the free-to-roll apparatus (with the same span) to further investigate slender 
wing rock due to the low friction.  Further force and pressure measurements, numerical 
simulations
78
 and reduced-order models
79
 could be useful for further understanding of 
the roll oscillations about a non-zero mean roll angle and simulating them for MAV 
design.  
 
 Work could be performed on different aspect ratios of rectangular wings, as these 
oscillations have not been seen before.  A different facility with a greater working 
section would be needed to keep the chord length equivalent, which is considered 
important as we have a fixed bearing friction regardless of the model size for oscillatory 
purposes.  Smaller aspect ratios could be tried to see how they behave just before 
stalling with the low friction apparatus.  Tests on actual (cambered) wing planforms 
could be interesting, to see how they behave while manoeuvring. 
 
 Finally, different manoeuvres could be tried.  Pitching was investigated here, but 
more realistic flight situations could be explored and the wings’ reaction recorded.   
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